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Abstract
Cell is the structural and functional unit of life. This
Resource Letter serves as a guide to the literature
on nano-machines which drive not only intracellu-
lar movements, but also motility of the cell. These
machines are usually proteins or macromolecular as-
semblies which require appropriate fuel for their op-
erations. Although, traditionally, these machines
were subjects of investigation in biology and biochem-
istry, increasing use of the concepts and techniques of
physics in recent years have contributed to the quan-
titative understanding of the fundamental principles
underlying their operational mechanisms. The pos-
sibility of exploiting these principles for the design
and control of artificial nano-machines has opened up
a new frontier in the bottom-up approach to nano-
technology.
Some are to be read, some to be studied, and
some may be neglected entirely, not only without
detriment, but with advantage. - Anonymous
1 Introduction
Motility is the hallmark of life. From the sprinting
leopard to flying birds and swimming fish, movement
is one of life’s central attributes. The mechanisms of
∗E-mail: debch@iitk.ac.in
motility at the level of macroscopically large organ-
isms are the main topics of investigation in biome-
chanics and insights gained from these investigations
find applications, for example, in robotics. Not only
animals, but even plants also move in response to
external stimuli. Results of pioneering systematic
study of this phenomenon were reported already in
the nineteenth century by Charles Darwin in a classic
book, titled The power of movement in plants, which
was co-authored by his son.
In living systems, movements take place at all lev-
els of biological organization- from molecular move-
ments at the subcellular levels and cellular move-
ments to movements of organs and organ systems.
However, in this article, we focus exclusively on the
molecular mechanisms of motility at the level of single
cells (both unicellular organisms and individual cells
of multicellular organisms) and those at the subcel-
lular level.
1. L. Chong, E. Culotta and A. Sugden, On the
move, Science 288, 79 (2000).
2. A.C. Leopold and M.J. Jaffe, Many modes of
movement, Science 288, 2131-2132 (2000).
3. D.W. Maughan and J.O. Vigoreaux, An inte-
grated view of insect flight muscle: genes, mo-
tor molecules, and motion, News Physiol. Sci.
14, 87-92 (1999).
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1.1 Cell movements: molecular mech-
anisms of motility
Antonie van Leeuwenhoek made the first systematic
study of the motility of unicellular microorganisms
using his primitive microscope. Since then, over the
last three centuries, swimming, crawling, gliding and
twitching of single cells have fascinated generations
of biologists. However, investigation of the molecu-
lar mechanisms of cellular motility began only a few
decades ago. The motility of a cell is the outcome
of the coordination of many intracellular dynamical
processes. Interestingly, intracellular movements also
drive motility and division of the cell itself. We’ll
present a systematic list of these developments from
the perspective of physicists.
4. H.C. Berg, E. coli in Motion, (Springer, 2003).
5. D. Bray, Cell Movements: from molecules to
motility (Garland Publishig, Taylor and Fran-
cis, 2001).
6. D.A. Fletcher and J.A. Theriot, An introduc-
tion to cell motility for the physical scientist,
Phys. Biol. 1, T1-T10 (2004).
1.2 Intracellular movements: ma-
chines and mechanisms
“Nature, in order to carry out the marvelous opera-
tions in animals and plants, has been pleased to con-
struct their organized bodies with a very large number
of machines, which are of necessity made up of ex-
tremely minute parts so shaped and situated, such as
to form a marvelous organ, the composition of which
are usually invisible to the naked eye, without the aid
of the microscope”.
Marcelo Malpighi, 17th century (as quoted by Marco
Piccolino, Nat. Rev. Mol. Cell Biol. 1, 149-153
(2000)).
Imagine an under water “metro city” which is,
however, only about 10µm long in each direction! In
this city, there are “highways” and “railroad” tracks
on which motorized “vehicles” transport cargo to var-
ious destinations. It has an elaborate mechanism of
preserving the integrity of the chemically encoded
blueprint of the construction and maintenance of the
city. The “factories” not only supply their prod-
ucts for the construction and repair works, but also
manufacture the components of the machines. This
eco-friendly city re-charges spent “chemical fuel” in
uniquely designed “power plants”. This city also uses
a few “alternative energy” sources in some opera-
tions. Finally, it has special “waste-disposal plants”
which degrade waste into products that are recycled
as raw materials for fresh synthesis. This is not the
plot of a science fiction, but a dramatized picture of
the dynamic interior of a cell.
In an influential paper, published in 1998, Bruce
Alberts emphasized that “the entire cell can be
viewed as a factory that contains an elaborate
network of interlocking assembly lines, each of which
is composed of a set of large protein machines”.
Just like their macroscopic counterparts, molecu-
lar machines have an “engine”, an input and an
output. Some of these machines are analogous
to motors whereas some others are like pumps;
both linear and rotary motors have been identified.
Some motors move on protein filaments whereas oth-
ers move on nucleic acid strands (i.e., DNA or RNA).
7. M. Piccolino, Biological machines: from mills
to molecules, Nature Rev. Mol. Cell Biol. 1,
149-153 (2000).
8. C. Mavroidis, A. Dubey and M.L. Yarmush,
Molecular Machines, in: Annual Rev. Biomed.
Engg., 6, 363-395 (2004).
9. T.D. Pollard, Proteins as machines, Nature
355, 17-18 (1992).
10. B. Alberts and R. Miake-Lye, Unscrambling the
puzzle of biological machines: the importance of
the details, Cell, 68, 415-420 (1992).
11. B. Alberts, The cell as a collection of pro-
tein machines: preparing the next generation of
molecular biologists, Cell 92(3), 291-294 (1998).
12. A. Baumga¨rtner, Biomolecular machines, in:
Handbook of Theoretical and Computational
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Nanotechnology, eds. M. Rieth and W. Schom-
mers (American Scientific Publishers, 2005).
“Where bacillus lives, gravitation is forgotten, and
the viscosity of the liquid, the resistance defined by
Stokes’ law, the molecular shocks of the Brownian
movement, doubtless also the electric charges of the
ionized medium, make up the physical environment
and have their potent and immediate influence on
the organism. The predominant factors are no longer
those of our scale; we have come to the edge of a
world of which we have no experience, and where all
our preconceptions must be recast”.
- D’Arcy Thompson, in On Growth and Form, vol.I
reprinted 2nd edition (Cambridge University Press,
1963).
In spite of the striking similarities, it is the differ-
ences between molecular machines and their macro-
scopic counterparts that makes the studies of these
systems so interesting from the perspective of physi-
cists. Biomolecular machines are usually protein or
macromolecular complex. These operate in a domain
far from thermodynamic equilibrium where the ap-
propriate units of length, time, force and energy are,
nano-meter, milli-second, pico-Newton and kBT , re-
spectively (kB being the Boltzmann constant and T
is the absolute temperature). The viscous forces and
random thermal forces on a nano-machine dominate
over the inertial forces. These are made of soft mat-
ter and are driven by “isothermal” engines. Molecu-
lar motors can convert chemical energy directly into
mechanical energy.
13. D’Arcy Thompson, On Growth and Form, vol.I
reprinted 2nd edition (Cambridge University
Press, 1963).
1.3 Outline of organization
We divide the intracellular molecular cargoes into
three different types: (i) membrane-bound cargoes,
e.g., vesicles and organelles; (ii) macromolecules, e.g.,
DNA, RNA and proteins; (iii) medium-size organic
molecules and small inorganic ions. In part I we study
motor proteins which transport the membrane-bound
cargoes. In part II we consider all those machines
which are involved in the synthesis, export/import,
packaging, other kinds of manipulations and degra-
dation of the macromolecules. In part III we focus
on machines which transport medium-size organic
molecules and small inorganic ions across plasma
membrane or internal membranes of eukaryotic cells;
transporters of ions are usually referred to as pumps
because ions are transported against their natural
electro-chemical gradients. Finally, in part IV we
present machines and mechanisms which drive cell
motility and cell division.
Based on the nature of input and output energies,
machines can be classified. For example, the motor of
hair dryer is an electro-mechanical machine. But, in
this article we’ll not consider purely chemo-chemical
machines although some of these perform important
biological functions.
14. J. Howard,Mechanics of motor proteins and the
cytoskeleton, (Sinauer Associates, Sunderland,
2001) .
15. M. Schliwa, (ed.) Molecular Motors, (Wiley-
VCH, 2003).
16. D. D. Hackney and F. Tanamoi, The Enzymes,
vol.XXIII Energy Coupling and Molecular Mo-
tors (Elsevier, 2004).
17. J.M. Squire and D.A.D. Parry, Fibrous pro-
teins: muscle and molecular motors, (Elsevier
2005).
18. A.B. Kolomeisky and M.E. Fisher, Molecular
motors: a theorist’s perspective, Annu. Rev.
Phys. Chem. 58, 675-695 (2007).
19. J. Howard, Molecular mechanics of cells and
tissues, Cellular and Molecular Bioengineering
1, 24-32 (2008).
1.4 Criteria for selection
We have used the following guidelines for selection
of papers for this resource letter:
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(i) To our knowledge, at present, there is no single
book where a reader can find a comprehensive cov-
erage of all the molecular machines. Therefore, in
this resource letter, we list monographs and edited
collections of reviews on specific machines and mech-
anisms.
(ii) Review articles usually provide a critical overview
of progress in an area of research and, normally, re-
main useful to both beginners as well as experts for a
relatively longer period of time as compared to origi-
nal papers. Therefore, in this resource letter, review
articles guide the reader through the enormous liter-
ature on experimental works on molecular machines.
Occasionally, we also list original experimental pa-
pers; most of these are either classic or too recent to
be discussed in any review article, or introduce new
models.
(iii) Since the emphasis of this resource letter is on
quantitative models of mechanisms of molecular ma-
chines, many original papers on theoretical works
have been listed together with the review articles.
(iv) Results of fundamental research on the structure
and function of molecular machines not only have
important biomedical implications but may also find
practical applications in bottom-up approach to de-
signing and manufacturing artificial nano-machines.
Therefore, papers on bio-nanotechnology which sat-
isfy the criteria (ii) or (iii) above have also been listed.
(v) Unpublished manuscripts (including those posted
in public domain archives) have not been listed. But,
the final version of some Ph.D. theses have been in-
cluded because these provide technical details which
are not available in the papers published elsewhere
by the author.
1.5 List of review series and journals
In this multidisciplinary area of research, articles
appear in journals that cover physics, chemistry,
biology and (nano-)technology. We list here only
a few major sources for review articles as well as
original papers. But, this list is neither exhautive
nor in the order of any ranking.
(1) “Annual Review” Series (e.g. Annual Reviews
of Biophysics and Biomolecular Structure).
(2) “Trends” series (e.g., Trends in Cell Biology).
(3) “Current Opinion” series (e.g., Current Opinion
in Structural Biology).
(4) Bioessays,
(5) “Nature Reviews” series (e.g., Nature Reviews in
Microbiology).
(6) Nature,
(7) Nature Cell Biology,
(8) Nature Structural and Molecular Biology,
(9) Science,
(10) Proceedings of the National Academy of Sci-
ences, USA, (PNAS),
(11) Cell,
(12) Molecular Cell,
(13) Current Biology.
(14) Journal of Molecular Biology,
(15) Journl of Cell Biology,
(16) Journal of Biological Chemistry,
(17) Biophysical Journal,
(18) Physical Review Letters,
(19) Physical Review E,
(20) Physical Biology,
(21) Europhysics Letters,
(22) European Physical Journal E.
(23) EMBO Reports,
(24) EMBO Journal,
(25) European Biophysical Journal.
2 Experimental techniques for
studying operational mecha-
nisms of molecular machines
“The most profound scientific revolutions are those
that provide an entirely new way of viewing and
studying a field. These are the ones that provoke new
questions and question old answers and in the end
give us a new understanding of what we thought we
understood. Often they are occasioned by the inven-
tion of novel instruments of techniques; the telescope,
the microscope, and X-ray diffraction come to mind.
It may be that such a revolution is occurring in bio-
chemistry today through the development of methods
that allow us to investigate the dynamics of single
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macromolecules in real time.”- K.E. van Holde, J.
Biol. Chem. 274, 14515 (1999).
Seeing is believing. Telescopes opened up the ce-
lestial world in front of our eyes. The invention
of the optical microscopes in the seventeenth cen-
tury made it possible to have a glimpse of the world
of micro-organisms (bacteria, etc.). But these mi-
crobes are typically micron-size objects; it would be
ideal if we could have “nanoscopes” for seeing nano-
machines. In addition to the requirement of high
spatial resolution, such nanoscopes should also have
sufficiently high temporal speed so that the dynam-
ics of the nano-machines can be monitored under the
nanoscope.
But, it is impossible to see a molecule directly un-
der an optical microscope of conventional design be-
cause nature has imposed a limit on the resolution
that can be acheived with these optical instruments.
This fundamental limit on the resolution is a conse-
quence of the wave nature of light and it depends on
the wavelength of the radiation used for observation.
But, optical microscopes merely enhance the power
of our visionary perception. Therefore, in principle,
it should be possible to achieve higher resolution if X-
rays or γ-rays are used for imaging although we can
no lnger use our eyes as dectector for these probes.
Moreover, vision is only one of the several sensory
perceptions humans possess. A blind person can con-
struct a mental image of an object by running his fin-
gers along the contours of the object. Furthermore,
in principle, it is possible to reconstruct the shape of
an object, without seeing or touching it, by throwing
balls at it from all sides and, then, analyzing the way
the balls are scattered by the object.
2.1 Ensemble-averaged techniques
•X-ray crystallography and electron mi-
croscopy
The basic principle of X-ray scattering for the de-
termination of the strcture of macromolecules is as
follows: an atomic constituent of the macromolecule
absorbs some energy of the X-ray incident on it and
then re-radiates the same in all directions. A protein
crystal has a periodic array of identical atoms. The
X-rays re-radiated by these atoms interfere construc-
tively in some directions whereas they interfere de-
structively in all the other directions. Therefore, the
detectors record a “pattern” in the intensity of X-ray
scattered by the protein crystal sample. But, such a
“diffraction pattern” provides an indirect, and static,
image of a molecular machine. However, microscopes
(optical as well as electron) have some advantages
over the X-ray scattering technique: microscopes pro-
duce the images directly in real space whereas X-ray
diffraction requires Fourier transform from momen-
tum space to real space.
The deBroglie wavelength associated with a ma-
terial particle is given by λ = h/p where p is the
momentum of the particle. A sufficiently high res-
olution microscope can be constructed if a charged
particle is selected and it is accelerated to the re-
quired momentum by applying an external electric
field. Electrons are most convenient for this purpose;
an electron beam can be easily bent and focussed us-
ing a suitable magnetic field configuration. Electron
microscopy is one of the most powerful experimen-
tal techniques for determination of the structures of
molecular machines. In spite of all the technological
advances in electron microscopy, it is still lot more
cumbersome to use than an optical microscope. In
an optical microscope, the sample does not require
as elaborate preparation as in an electron microscope.
Besides, the intense beam of electrons often damage
or destroy the sample itself. Moreover, image ob-
tained from an electron microscope requires special
expertise to interpret. Furthermore, the generation
and control of the electro-magnetic fields makes the
electrom microscope costly as well as much less user
friendly than optical microscopes.
20. J. Frank, Three-dimensional electron mi-
croscopy of macromolecular assemblies, (Aca-
demic Press, 1996).
21. E. Nogales and N. Grigorieff, Molecular ma-
chines: putting the pieces together, J. Cell Biol.
152, F1-F10 (2001).
22. A.J. Koster and J. Klumperman, Electron mi-
croscopy in cell biology: integrating structure
and function, Nat. Rev. Mol. Cell Biol. 4, SS6-
SS10 (2003).
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23. V. Lucic, F. Forster and W. Baumeister, Struc-
tural studies by electron tomography: from cells
to molecules, Annu. Rev. Biochem. 74, 833-865
(2005).
24. W. Chiu, M.L. Baker, W. Jiang, M. Dougherty
and M.F. Schmidt, Electron cryomicroscopy of
biological machines at subnanometer resolution,
Structure 13, 363-372 (2005).
25. W. Chiu, M.L. Baker and S.C. Almo, Structural
biology of cellular machines, Trends Cell Biol.
16, 144-150 (2006).
26. M. Rossmann, M.C. Morais, P.G. Leiman and
W. Zhang, Combining X-ray crystallography
and electron microscopy, Strcture 13, 355-362
(2005).
27. G.J. Jensen and A. Briegel, How electron cry-
otomography is opening a new window onto
prokaryotic ultrastructure, Curr. Opin. Struct.
Biol. 17, 260-267 (2007).
28. A. Hoenger and D. Nicastro, Electron mi-
croscopy of microtubule-based cytoskeletal ma-
chinery, Methods in Cell Biol. 79, 437-462
(2007).
29. L. Wang and F.J. Sigworth, Cryo-EM and sin-
gle particles, Physiology 21, 13-18 (2006).
2.2 Single-molecule techniques
We got our first glimpse of the macromolecules via X-
ray diffraction and, then, electron microscopy. But,
what one got from those probes were static pictures.
Moreover, most of the traditional old experimental
techniques of biophysics relied on collection of data
for a large collection of molecules and thereby get-
ting their ensemble-averaged properties. The am-
plification of the signals caused by the presence of
large number of such molecules makes it easier to de-
tect and collect the data. The average value of a
variable is valuable information. There are practical
limitations of the bulk measurements in the specific
context of understanding the operational mechanisms
of cyclic molecular machines because it is practically
impossible to synchronize their cycles. The recently
developed single-molecule techniques can be broadly
classified into two groups: (i) methods of imaging,
and (ii) methods of manipulation.
30. J. Zlatanova and K. van Holde, Single-molecule
biology: what is it and how does it work?, Mol.
Cell 24, 317-329 (2006).
31. P.V. Cornish and T. Ha, A survey of single-
molecule techniques in chemical biology, ACS
chemical biology, 2, 53-61 (2007).
• Techniques of single-molecule imaging
For visualization of the conformational changes or
movements of the molecule under investigation in a
single molecule experiment, a prior attachment of a
label to the molecule is essential. Based on these la-
bels, the single molecule imaging of molecular motors
can be divided into two groups: (i) techniques where
the label is a relatively large light-scattering object
(for example, a dielectric bead of 1 micron diameter);
and (ii) techniques where the label itself emits light
(e.g., a fluorophore). Fluorescence microscopy pro-
vided a glimpse (howsoever hazy) of single molecules.
Imaging a fluorescently labelled molecular motor in
real time enables us to study its dynamics just as
ecologists use “radio collars” to track individual ani-
mals.
32. R.Y. Tsien, Imagining imaging’s future, Nat.
Rev. Mol. Cell Biol. 4, SS16-SS21 (2003).
33. J.W. Lichtman and J.A. Conchello, Fluores-
cence microscopy, Nat. Methods 2, 910-919
(2005).
34. Y. Garini, B.J. Vermolen and I.T. Young,
From micro to nano: recent advances in high-
resolution microscopy, Curr. Opin. Biotechnol.
16, 3-12 (2005).
35. W.E. Moerner, A dozen years of single-molecule
spectroscopy in physics, chemistry and bio-
physics, J. Phys.Chem. B 106, 910-927 (2002).
36. W.E. Moerner and D.P. Fromm, Methods of
single-molecule fluorescence spectroscopy and
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microscopy, Rev. Sci. Instr. 74, 3597-3619
(2003).
37. E.J.G. Peterman, H. Sosa and W.E. Mo-
erner, Single-molecule flurescence spectroscopy
and microscopy of biomolecular motors, Annu.
Rev. Phys. Chem. 55, 79-96 (2004).
38. W.E. Moerner, New directions in single-
molecule imaging and analysis, PNAS 104,
12596-12602 (2007).
39. X. Michalet and S. Weiss, Single-molecule spec-
troscopy and microscopy, C.R. Physique 3, 619-
644 (2002).
40. X. Michalet, A.N. Kapanidis, T. Laurence, F.
Pinaud, S. Doose, M. Pflughoefft and S. Weiss,
The power and prospects of fluorescence micro-
scopies and spectroscopies, Annu. Rev. Biophys.
Biomol. Struct. 32, 161-182 (2003).
41. S.W. Hell, Towards fluorescence nanoscopy,
Nat. Biotechnol. 21, 1347-1355 (2004).
42. D.J. Stephens and V.J. Allan, Light microscopy
techniques for live cell imaging, Science 300,
82-86 (2005).
43. Y. Ishii and T. Yanagida, How single molecule
detection measures the dynamic actions of life,
HFSP journal, 1, 15-29 (2007).
44. E. Toprak and P.R. Selvin, New fluorescent
tools for watching nanometer-scale conforma-
tional changes of single molecules, Annu. Rev.
Biophys. Biomol. Struct. 36, 349-369 (2007).
45. H. Park, E. Toprak and P.R. Selvin, Single
molecule fluorescence to study molecular mo-
tors, Q. Rev. Biophys. 40, 87-111 (2007).
46. C. Joo, H. Balci, Y. Ishitsuka, C. Buranachai
and T. Ha, Advances in single-molecule fluo-
rescence methods for molecular biology, Annu.
Rev. Biochem. 77, 51-76 (2008).
• Techniques of single-molecule manipula-
tion: tweezers and AFM
Let us also not forget that experiments are also car-
ried out with molecular machines to undestand their
mechanisms; such experients should answer questions
like “what if...”. Such controlled experiments would
need some means of manipulating the nanomachines
of life. The mechanical transducers like, for exam-
ple, cantilevers of scanning force microscopes (SFM)
and microneedles, require physical contact with the
biomolecule. In contrast, manipulators that utilize
electromagnetic fields do not require any contact
forces.
The operation of optical tweezers is based on a
very simple physical principle. Photons are mass-
less (more precisely, rest mass is zero), but have mo-
mentum. Photons are capable of exerting very weak
force called radiation pressure in the terminology of
classical physics. Utilizing this property of photons
(or, equivalently, electromagnetic radiation) in a laser
beam with high, but inhomogeneous, intensity, it has
been posible to trap dielectric particles (e.g., a latex
bead) at the focal point of the beam. When a mo-
tor attached to such a bead walks on its filamentary
track, the laser trap pulls it back thereby applying a
load force on the motor.
In magnetic tweezers, the macromolecule is at-
tached between a surface and a superparamagnetic
bead. Stretching force can be applied on the macro-
molecule by controlled alterations of the external
magnetic field. A major advantage of the magnetic
tweezer is that the same set up can be used also to
apply torque on the molecule by merely rotating the
magnetic field.
47. J.M. Imhof and D.A. vanden Bout, Resource
Letter: LBMOM-1: Laser-based modern optical
microscopy, Amer. J. Phys. 71, 429-436 (2003).
48. M.J. Lang and S.M. Block, Resource Letter:
LBOT-1: Laser-based optical tweezers, Amer.
J. Phys. 71, 201-215 (2003).
49. D.C. Appleyard, K.Y. Vandermeulen, H. Lee
and M.J. Lang, Optical trapping for undergrad-
uates, Amer. J. Phys. 75, 5-14 (2007).
50. T. Strick, J.F. Allemand, V. Croquette and
D. Bensimon, The manipulation of single
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biomolecules, Phys. Today, October (2001) p.
46-51.
51. J.E. Molloy and M.J. Padgett, Lights, action:
optical tweezers, Contemp.Phys. 43, 241-258
(2002).
52. C. Bustamante, J.C. Macosko and G.J.L.
Wuite, Grabbing the cat by the tail: manipu-
lating molecules one by one, Nature Rev. Mol.
Cell Biol. 1, 130-136 (2000).
53. J.R. Moffitt, Y.R. Chemla, S.B. Smith and C.
Bustamante, Recent advances in optical tweez-
ers, Annu. Rev. Biochem. 77, 205-228 (2008).
54. K. Svoboda and S.M. Block, Biological appli-
cations of optical forces, Annu. Rev. Biophys.
Biomol. Str. 23, 247-285 (1994).
55. K.C. Neuman and S.M. Block, Optical trapping,
Rev. Sci. Instr. 75, 2787-2809 (2004).
56. W. J. Greenleaf, M.T. Woodside and S.M.
Block, High-resolution, single-molecule mea-
surements of biomolecular motion, Annu. Rev.
Biophys. Biomol. Str. 36, 171-190 (2007).
57. D.G. Grier, A revolution in optical manipula-
tion, Nature, 424, 810-816 (2003).
58. A. Ashkin, Optical trapping and manipulation
of neutral prticles using lasers, PNAS 94, 4853-
4860 (1997).
59. A. Ashkin, History of optical trapping and ma-
nipulation of small-neutral particle, atoms and
molecules, IEEE J. on Selected Topics in Quan-
tum Electronics, 6, 841-856 (2000).
60. B.G. Hosu, J. Jacob, P. Banki, F.I. Toth and
G. Forgacs, Magnetic tweezers for intracellu-
lar applications, Rev. Sci. Instr. 74, 4158-4163
(2003).
61. J.T. Finer, R.M. Simmons and J.A. Spudich,
Single myosin molecule mechanics: piconewton
forces and nanometer steps, Nature 368, 113-
119 (1994).
62. A.D. Mehta, M. Rief and J.A. Spudich, Biome-
chanics, one molecule at a time, J. Biol. Chem.
274, 14517-14520 (1999).
63. A.D. Mehta, M. Rief, J.A. Spudich, D.A. Smith
and R.M. Simmons, Single-molecule biome-
chanics with optical methods, Science 283,
1689-1695 (1999).
64. M.D. Wang, Manipulation of single molecules
in biology, Curr. Opin. in Biotechnol. 10, 81-86
(1999).
2.3 Experimental model systems
From the evolutionary point of view, cells can be
broadly divided into two categories, viz., prokary-
otes and eukaryotes. Most of the common bacteria
(like, for example, Escherichia Coli and Salmonella)
are prokaryotes. Animals, plants and fungi are col-
lectivelly called eukaryotes. The main difference be-
tween prokaryotic and eukaryotic cells lies in their
internal architectures; the main distinct feature of
eukaryotic cells is the cell nucleus where the genetic
materials are stored. The prokaryotes are mainly uni-
cellular organisms. The eukaryotes which emerged
first through Darwinian evolution of prokaryotes were
also uni-cellular; multi-cellular eukaryotes appeared
much later.
In biology, often the simplest among a family of
objects is called a model system for the purpose of
experimental investigations.
• Model eukaryotes:
The most popular model animals for biological
studies are as follows: (i) the fruit fly Drosophila
melanogaster, a model insect, (ii) Caenorhabditis ele-
gans (C-elegans), a transparent worm, (iii) the zebra
fish danio rerio, a model vertebrate; (iv) the mouse,
however, is more important for practical use of cell
biology in medical sciences. Arabidopsis thaliana is
the most popular model plant while Chlamydomonas
reinhardtii is a model of green algae. Saccharomyces
cerevisiae (Baker’s yeast) and Schizosaccharomyces
pombe (Fission yeast) are most widely used models
for fungi. However, for studying filamentous fungi,
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Neospora crassa is used most often as a model system.
• Model prokaryotes:
Bacteria are divided into two separate groups on
the basis of their response to a staining test in-
vented by Hans Christian Gram. Those which re-
spond positively are called Gram-positive bacteria
whereas those whose response is negative are called
Gram-negative. One of the main differences between
these two groups of bacteria is the nature of the cell
wall.
The commonly used models for Gram-positive
bacteria are Bacillus subtilis, Listeria monocyto-
genes, etc. The bacterium Escherichia coli (E-coli),
which is normally found in the colon of humans and
other mammals, and the bacterium Salmonella are
the most extensively used model for Gram-negative
bacteria. Another prominent member of the group
of Gram-negative bacteria is Proteus mirabilis.
• Model viruses and bacteriophages:
Human immunodeficiency virus (HIV) is the most
dreaded among the viruses that can infect homo sapi-
ens (humans). Among the other viruses which can
infect eukaryotes are Tobacco mosaic virus , etc. Bac-
teriophages are also viruses, but these infect prokary-
otes. T-odd (e.g., T7) and T-even (e.g., T4) bacterio-
phages, phage λ, φ29, etc. are some of the extensively
used model bacteriophages.
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3 Techniques for theoretical
modeling of molecular ma-
chines
Theory provides understanding and insight. These
allow us not only to interpret the empirical obser-
vations and recognize the importance of the various
ingredients but also to generalize, to create a frame-
work for addressing the next level of question and
to make predictions which can be tested in in-vivo/
in-vitro or in-silico experiments.
Theorization requires a model of the system. A
theoretical model is an abstract representation of the
real system which helps in understanding the real
system. This representation can be pictorial (for ex-
ample, in terms of cartoons or graphs) or symbolical
(e.g., a mathematical model). Qualitative predictions
may be adequate for understanding some complex
phenomena or for ruling out some plausible scenar-
ios. But, a desirable feature of any theoretical model
is that it should make quantitative predictions. The
predictions of a theory, at least in principle, can be
tested by in-vitro and/or in-vivo experiments in the
laboratory.
The predictions of a mathematical model can be
derived analytically in terms of abstract symbols; for
specific sets of values of the model parameters, the
predictions can be shown numerically or graphically.
The predictions of a theoretical model can be ob-
tained numerically by carrying out computer simula-
tions (i.e., in-silico experiments) of the model. Thus,
simulation is not synonymous with modeling. When
a model is too complicated to be formulated in ab-
stract notations and to be treated analytically, it is
called a computer model of the system. Since fully
analytical treatment of a model can be accomplished
exactly only in rare cases, one has to make sensi-
ble approximations so as to get results as accurate
as possible. Simulation of a model also tests the va-
lidity of the approximations made in the analytical
treatments of the model. We should also make a
distinction between the two different “computational
methods”, namely, (i) computer simulations which,
as we have mentioned above, test hypotheses; and
(ii) Knowledge discovery (or, data mining) which ex-
tracts hidden patterns or laws from huge quantities
of experimental data, forming hypotheses.
A model can be formulated at different physical
or logical levels of resolution. The physical reso-
lution can be spatial resolution or temporal resolu-
tion. Every theoretical model is intended to address
a set of questions. The modeler must choose a level
of description appropriate for this purpose keeping
in mind the phenomena that are subject of the in-
vestigation. Otherwise, the model may have either
too much redundant details or it may be too coarse
to provide any useful insight. Since physicists most
often focus only on generic features of the various
classes of machines, rather than specific features of
individual members of these classes, they normally
develop minimal models which may be regarded as
mesoscopic, rather than molecular, i.e., their status
in somewhere in between those of the macroscopic
and molecular models.
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Quantitative modeling in cell biology: what is
it good for?, Developmental Cell 11, 279-287
(2006).
3.1 Mechanics of molecular machines:
noisy power stroke versus Brown-
ian ratchet
If the input energy directly causes a conformational
change of the protein machiney which manifests it-
self a mechanical stroke of the machine, the op-
eration of the machine is said to be driven by a
“power stroke” mechanism. This is also the mech-
anism used by all man made macroscopic machines.
Let us contrast this with the following alternative
scenario: suppose, the machine exihibits “forward”
and “backward” movements because of spontaneous
thermal fluctuations. If now energy input is uti-
lized to prevent “backward” movements, but allow
the “forward” movements, the system will exhibit di-
rected, albeit noisy, movement in the “forward” direc-
tion. Note that the forward movements in this case
are caused directly by the spontaneous thermal fluc-
tuations, the input energy rectifies the “backward”
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movements. This alternative scenario is called the
Brownian ratchet mechanism.
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3.2 Chemical reactions relevant for
molecular machines: ATP hydrol-
ysis
To understand molecular machines, we also have to
consider chemical reactions, which most often supply
the (free-) energy required to drive these machines.
In other words, in order to understand the mecha-
nisms of biomolecular machines, it is necessary to un-
derstand not only how these move in response to the
mechanical forces but also how these are affected by
chemical reactions. In fact, the machines are usually
enzymes (i.e., catalysts).
Adenosine triphosphate (ATP) contains three
phosphate groups as compared to two phosphate
groups in the adenosine diphosphate (ADP). Hydrol-
ysis of ATP to ADP releases free energy and, there-
fore, plays a crucial role in running a wide range of
chemical processes in a living organism. Therefore,
ATP is sometimes also referred to as the “energy cur-
rency” of the cell.
90. M. Dixon and E.C. Webb, Enzymes (Academic
Press, 1979).
91. T.L. Hill, Free energy transduction and bio-
chemical cycle kinetics, (Dover, 2005).
92. M. Cohn, Adenosine Triphosphate, in: Ency-
clopedia of Life Sciences (John Wiley, 2005).
3.3 General mechano-chemistry of
molecular machines
From the perspective of (bio-)physics, the mechani-
cal force required for the directed movement of the
motors are generated, most often, from the energy
liberated in chemical reactions, e.g., in ATP hydroly-
sis. On the other hand, from the perspective of (bio-
)chemistry, most of the machines are enzymes (i.e.,
proteins which act as catalysts for many chemical
reactions); the rate of enzymatic reactions, includ-
ing that of ATP hydrolysis, is strongly influenced by
external forces. Thus, the mechanisms of molecular
machines are governed by a nontrivial combination of
the principles of nano-mechanics and those of chem-
ical reactions. Therefore, quantitative modeling of
molecular machines require theoretical formalisms of
mechano-chemistry or chemo-mechanics.
93. D. Keller and C. Bustamante, The
mechanochemistry of molecular motors,
Biophys. J. 78, 541-556 (2000).
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uum Fokker-Planck models to discrete kinetic
models, Biophys. J. 89, 1551-1563 (2005).
97. H. Wang and T.C. Elston, Mathematical and
computational methods for studying energy
transduction in protein motors, J. Stat. Phys.
128, 35-76 (2007).
•Effect of force on chemical reactions: force-
dependence of ATP hydrolysis
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103. H. Qian, Phosphorylation energy hypothesis:
open chemical systems and their biological func-
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(2007).
• Efficiency of molecular machines: general
discussions
The efficiency of molecular motors can be defined
in several different ways: while one of the definitions
is very similar to that of its macroscopic counterpart,
the other definitions are unique to motors operating
under different conditions and characterize different
aspects of its movement.
Not all molecular motors are designed to pull loads.
Moreover, in contrast to the macroscopic motors, vis-
cous drag forces strongly influence the function of
molecular motors. Therefore, there is a need for a
generalized definition of efficiency that does not nec-
essarily require the application of any external load
force. Such a measure of efficiency, which is different
from the thermodynamic efficiency defined above, has
also been suggested; it is called “Stokes efficiency”
because the viscous drag is calculated from Stokes
law.
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(1999).
107. H. Wang and G. Oster, The Stokes efficiency
for molecular motors and its applications, Eu-
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• Allosterism and molecular motors
Allosterism usually refers to the change of con-
formation around one location of a protein in re-
sponse to binding of a ligand to another location
of the same protein. A motor protein has separate
sites for binding ATP and the track. Therefore, the
mechanochemical cycle of a motor can be analyzed
from the perspective of allosterism.
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Part I: Cytoskeletal motors: porters and
rowers, shuttles and muscles
The cytoskeleton of an eukaryotic cell maintains its
architecture. Counterparts of some molecular com-
ponents of the eukaryotic cytoskeleton have been dis-
covered recently also in prokaryotic cells. It is a com-
plex dynamic network that can change in response
to external or internal signals. The cytoskeleton is
also responsible for intra-cellular transport of pack-
aged molecular cargoes as well as for the motility of
the cell as a whole. The cytoskeleton plays crucially
important role also in cell division and development
of organisms. In this part we focus almost exclusively
on the motility and contractility driven by molecular
motors at the sub-cellular level; motor-driven motil-
ity and contractility of the cell as a whole will be
taken up in the last part of this article.
4 Eukaryotic cytoskeleton:
structure and dynamics
4.1 Protein constituents of eukaryotic
cytoskeleton
The protein constituents of the cytoskeleton of eu-
karyotic cells can be broadly divided into the follow-
ing three categories: (i) Filamentous proteins, (ii) ac-
cessory proteins, and (iii) motor proteins. The three
classes of filamentous proteins, which form the main
scaffolding of the cytoskeleton, are: (a) actin, (b)
microtubule, and (c) intermediate filaments. On the
basis of functions, accessory proteins can be catego-
rized as follows: (i) regulators of filament polymer-
ization, (ii) filament-filament linkers, (iii) filament-
plasma membrane linkers. Since accessory proteins
do not play any crucially important role in the oper-
ation of the cytoskeleton-based molecular machines,
we shall not consider accessory proteins in this arti-
cle.
The three superfamilies of motor proteins are: (i)
myosin superfamily, (ii) kinesin superfamily, and
(iii) dynein superfamily. Both kinesins and dyneins
move on microtubules; in contrast, myosins either
move on actin tracks or pull the actin filaments.
• Structures of microtubules and actin fila-
ments
Microtubules are cylindrical hollow tubes whose
diameter is approximately 20 nm. The basic con-
stituent of microtubules are globular proteins called
tubulin. Hetero-dimers, formed by α and β tubulins,
assemble sequentially to form a protofilament. 13
such protofilaments form a microtubule. The length
of each α − β dimer is about 8 nm. Since there is
only one binding site for a motor on each dimeric
subunit of MT, the minimum step size for kinesins
and dyneins is 8 nm.
Although the protofilaments are parallel to each
other, there is a small offset of about 0.92 nm between
the dimers of the neighbouring protofilaments. Thus,
total offset accumulated over a single looping of the
13 protofilaments is 13× 0.92 ≃ 12nm which is equal
to the length of three α−β dimers joined sequentially.
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Therefore, the cylindrical shell of a microtubule can
be viewed as three helices of monomers. Moreover,
the asymmetry of the hetero-dimeric building block
and their parallel head-to-tail organization in all the
protofilaments gives rise to the polar nature of the
microtubules. The polarity of a microtubule is such
an α tubulin is located at its - end and a β tubulin
is located at its + end.
Filamentous actin are polymers of globular actin
monomers. Each actin filament can be viewed as
a double-stranded, right handed helix where each
strand is a single protofilament consisting of globular
actin. The two constituent strands are half staggered
with respect to each other such that the repeat period
is 72 nm.
The spatial organization and function of the cy-
toskeletons of plants and algae differ significantly
from those of eukaryotic cells.
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• MAPs and ARPs
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roles in controlling the structure and dynamics of
microtubules and filamentous actin, respectively.
Microtubule plus-end tracking proteins (+TIPs) are
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proteins are also +TIPs. Biological functions of
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4.2 Prokaryotic cytoskeleton
Unlike eukaryotes, bacteria do not have any obvious
need for a cytoskeleton. First, their cell walls are
rigid enough to provide mechanical strength to the
cell. Second, the size of bacterial cells is so small
that transportation of cargo by pure diffusion would
be sufficiently rapid for the survival of the cell. These
general considerations and the lack of direct evidence
for cytoskeletal structures in the early experiments
on prokaryotes led to the common belief that the
prokaryotic cells lack a cytoskeleton. However, more
recent experimental evidences strongly indicate the
existence of bacterial homologs of the filamentous
proteins in eukaryotic cells. For example, FtsZ is
a bacterial homolog of tubulin whereas MreB and
ParM are those of actin. Moreover, CreS (crescentin)
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is considered to be a strong candidate for the bacte-
rial counterpart of intermediate filaments of eukary-
otic animal cells. However, so far it has not been pos-
sible to identify any bacterial homolog of the eukary-
otic motor proteins. Nevertheless, the existence of
such homologs with very low sequence identity with
their eukaryotic counterparts cannot be ruled out.
FtsZ polymerize to form protofilaments. But, un-
like eukaryotic tubulins, these protofilaments do not
cooperate to form higher order tube-like structures
which would be analogoues to microtubules. On the
other hand, ParM polymerizes to form a double-
stranded helical filament which is also very similar
to filamentous F-actin.
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4.3 Nucleation of MT and actin fila-
ments
The role of γ-tubulin in the nucleation of MT
filaments has been known for quite some time. Two
classes of actin nucleating proteins are:
(i) formin protein family; and (ii) Arp2/3 complex.
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erning the dynamics of microtubule polymerization.
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5 Push and pull of cytoskeletal
filaments: nano-pistons
In this section, we focus only on the mechaisms of
force generation by polymerizing cytoskeletal fila-
ments, namely, microtubules and actin. However,
these phenomena will be reconsidered again in part
IV in the broader contexts of cell motility and cell
division.
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counters a microsopically light obstacle; its action
in such situations is reminiscent of a piston. Unlike
microtubules, the protofilaments of FtsZ do not ex-
hibit dynamic instability. On the other hand, unlike
actin, filamentous ParM exhibits a dynamic instabil-
ity which is very similar to that of microtubules ex-
cept that the instability of ParM filaments is caused
by the hydrolysis of ATP rather than that of GTP.
Moreover, unlike actin, whose polar polymer grows
aymmetrically through treadmilling, ParM exhibits a
symmetrical bidirectional growth where rate of elon-
gation at both ends are identical.
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5.1 Spring-like force generated by cy-
toskeletal filaments
The piston-like action of polymerizing filaments is
not the only mode of motor-independent force gen-
eration. Spring-like actions of filamentous structures
are known to drive fast motility of some biological
systems. One well known example of such biologi-
cal spring is the vorticellid spasmoneme whose major
protein component is spasmin. The sperm cell of the
horse-shoe crab Limulus polyphemus also utilizes the
spring-like action of a coiled bundle, which consists
mainly of actin filaments, to penetrate into an egg for
its fertilization.
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6 Processive cytoskeletal mo-
tors: porters
Many cytoskeletal motors carry molecular cargo over
distances which are quite long on the intracellular
scale. Because of their superficial similarities with
porters who carry load on their heads, these motors
are often colloquially referred to as “porters”.
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6.1 Architectural designs of the
porters: common features
All the cytoskeletal motor proteins have a head do-
main; this domain contains a site for ATP hydrolysis
and another site for binding to a cytoskeletal fila-
ment which serves as a track for the motor. Binding
of ATP to the head alters the affinity of the motor
for its track. The head domain of the kinesins is the
smallest (about 350 amino acids), that of myosins is
of intermediate size (about 800 amino acids) whereas
the head of dyneins is very large (more than 4000
amino acids).
The “identity card” for members of a superfamily
is the sequence of amino acids in the motor domain.
The members of a given superfamily exhibit a very
high level of “sequence homology” in their motor do-
main. But, the amino acid sequence as well as the
size, etc. of the other domains differ widely from
one member to another of the same superfamily. All
kinesin and dyneins have a tail domain which binds
with the cargo. The tail domain exhibits much more
diversity than the head domain because of the neces-
sity that the same motor should be able to recognize
(and pick up) wide varieties of cargoes.
Myosins are actin-based motor proteins. Accord-
ing to the widely accepted nomenclature, myosins are
classified into families bearing numerical (roman) suf-
fixes (I, II, ..., etc.). According to the latest stan-
dardized nomenclature of kinesins, the name of each
family begins with the word “kinesin” followed by
an arabic number (1, 2, etc.). Moreover, large sub-
families are assigned an additional letter (A, B, etc.)
appended to the familty name. For example, kinesin-
14A and kinesin-14B refer to two distinct subfamilies
both of which belong to the family kinesin-14.
Dyneins are microtubule-based motor proteins.
Dyneins can be broadly divided into two major
classes: (i) cytoplasmic dynein, and (ii) axonemal
dynein. Structural features of these motors is quite
different from those of kinesins and myosins.
21
250. CJ. Lawrence, R.K. Dawe, K.R. Christie,
D.W. Cleveland, S.C. Dawson, S.A. Endow,
L.S.B. Golstein, H.V. Goodson, N. Hirokawa,
J. Howard, R.L. Malmberg, J.R. McIntosh,
H. Miki, T.J. Mitchison, Y. Okada, A.S.N.
Reddy, W.M. Saxton, M. Schliwa, J.M. Scholey,
R.D. Vale, C.E. Walczak and L. Wordeman, A
standardized kinesin nimenclature, J. Cell Biol.
167, 19-22 (2004).
251. A. Marx, J. Mu¨ller and E. Mandelkow, The
structure of microtubule motor proteins, Adv.
Protein Chem. 71, 299-344 (2005).
252. M.A. Titu and S.P. Gilbert, The diversity of
molecular motors: an overview, Cell Mol. Life
Sci. 56, 181-183 (1999).
253. A.R. Reilein, S.L. Rogers, M.C. Tuma and V.I.
Gelfand, Regulation of molecular motor pro-
teins, Int. Rev. Cytol. 204, 179-238 (2001).
6.2 Mechano-chemistry of cytoskele-
tal motors: general aspects
Even for a given single motor domain, a large num-
ber of chemical states are involved in each enzymatic
cycle. In principle, there are, many pathways for the
hydrolysis of ATP, i.e., there are several different se-
quences of states that defines a complete hydrolysis
cycle. Although, all these pathways are allowed, some
paths are more likely than others. The most likely
path is identified as the hydrolysis cycle.
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6.3 Fundamental questions
We phrase the questions in such a way that these
may appear to be directly relevant only for the cy-
toskeletal motors. But, these can be easily rephrased
for the other types of motors including, for example,
those which move on nucleic acid strands. These
questions are as follows:
(i) Fuel: What is the fuel that supplies the (free-
)energy input for the motor? The free energy
released by the hydrolysis of ATP is usually the
input for cytoskeletal motors.
(ii) Engine, cycle and transmission: The site on the
motor, where ATP is hydrolyzed, can be identified as
its engine. What are the distinct states of the cyclic
engine in various stages of each cycle? Which step
of the cycle is responsible for the generation of force
(or, torque)? How is the structural (conformational)
change, caused by this force (or torque), amplified
by the architecture of the motor? In other words,
how does the trasmission system of the motor work,
i.e., what are the analogues of the clutch and gear of
automobiles?
(iii) Track and traction: Are they filamentous
tracks static or dynamic, i.e., do the lengths and/or
orientations of the tracks change with time? What
is the traction mechanism used by a motor head for
staying on track?
(iv) Number of engines and coordination of their
cycles: The state of oligomerization of the motor sub-
units has important functional implications. Major-
ity of the members of myosin and kinesin superfam-
ilies are homodimers although monomeric, hetero-
dimeric and tetrameric kinesins have also been dis-
covered. Some members of myosin and kinesin su-
perfamilies are known to self-assemble into higher-
order structures; the most well known among these
higher-order structures is the myosin thick filaments
in muscles which will be described later in the context
of muscle contraction. What functional advantages
arise from oligomerization? Are the cycles of the dif-
ferent engines of a motor coordinated in any manner
and, if so, how is this coordination maintained?
(v) Stroke and step sizes: The separation between the
two successive binding sites on the track is the small-
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est possible step size of the motor. On the other
hand, a stroke is a conformational change of the mo-
tor bound to the track. In general, the stroke size
need not be equal to the step size. What is the stroke
size of a givn motor? If the motor covers only a frac-
tion of the distance to the next binding site by the
stroke, how does it manage to cover the remaining
distance? Can the same motor adopt different step
sizes under different circumstances?
(vi) Directionality and processivity: Majority of
myosins are + end directed i.e., move towards the
barbed end of actin filaments. Similarly, majority of
the kinesins are also + end directed motors whereas
most of the dyneins are - end directed motor pro-
teins. What determines the direction of movement,
i.e., why are some motors +-end directed whereas the
others are −-end directed? Can a motor reverse its
direction of motion (a) spontaneously, or (b) under
an opposing (load) force? Do the motors possess re-
verse gears and is it possible to reverse the direction
of their movement by utilizing the reverse gear mech-
anism? What is the minimal change (e.g., mutation)
required to reverse the direction of motion of a mo-
tor?
One of the key features of the dynamics of cy-
toskeletal motors is their ability to attach to and de-
tach from the corresponding track. A motor is said to
be attached to a track if at least one of its heads re-
mains bound to one of the equispaced motor-binding
sites on the correspoding track. Moreover, a motor
can detach completely from its track.
One can define processivity in three different ways:
(i) Average number of chemical cycles in between at-
tachment and the next detachment from the filament;
(ii) attachment lifetime, i.e., the average time in be-
tween an attachment and the next detachment of the
motor from the filament;
(iii) mean distance spanned by the motor on the fila-
ment in a single run.
The first definition is intrinsic to the process aris-
ing from the mechano-chemical coupling. But, it is
extremely difficult to measure experimentally. The
other two quantities, on the other hand, are accesible
to experimental measurements.
To translocate processively, a motor may utilize
one of the two following strategies:
strategy I: the motor may have more than one
track-binding domain (oligomeric structure can give
rise to such a possibility quite naturally). Most of
the cytoskeletal motors like conventional two-headed
kinesin use such a strategy. One of the track-binding
sites remains bound to the track while the other
searches for its next binding site.
strategy II: it can use a “clamp-like” device to
remain attached to the track; opening of the clamp
will be required before the motor etaches from the
track. Many motors utilize this strategy for moving
along the corresponding nucleic acid tracks. The
duty ratio is defined as the average fraction of the
time that each head spends remaining attached to
its track during one cycle. The typical duty ratios
of kinesins and cytoplasmic dynein are at least 1/2
whereas that of conventional myosin can be as small
as 0.01. What is the mechanism that decides the
processivity (or the lack of processivity) and the duty
ratio of a motor?
(vii) Stepping pattern of a double-headed motor:
Does the motor move like an “inchworm” or does
the stepping appear more like a “hand-over-hand”
mechanism? Moreover, two types of hand-over-hand
mechanism are possible: symmetric and asymmetric.
In the symmetric pattern, the two heads exchange
positions, but the three-dimensional structure of the
molecule is preserved at all equivalent positions in
the cycle. In contrast, in the asymmetric pattern,
the two heads exchange position, but alternate steps
differ in some way, e.g., what happens in “limping”
which involves alternate faster and slower stepping
phases. Can a motor switch from one track to a
neighbouring track and, if so, how does it achieve
that? What prevents a motor from changing lane on
a multi-lane track?
(viii) Speed and efficiency: Is the average speed of
a processive motor determined by the track or the
motor or fuel or some external control mechanism?
Recall that the average speed of a car on a high-
way in sparse traffic can be decided either by the
smoothness of the highway, or by the model of the
car (whether it is a Ferrari or a heavy truck), or
by the quality of the fuel. Similarly, how does the
molecular constitution of the track and the nature
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of the motor-track interaction affect the speed of the
motor? Is the mechano-chemical coupling tight or
loose? If hydrolysis of ATP provides the input free
energy, then, how many steps does the motor take for
every molecule of ATP hydrolyzed, or, equivalently,
how many ATP molecules are consumed per step
of the motor? What is the maximum speed it can
attain? Can an external force applied to a motor
in the forward direction speed it up? How does the
speed of the motor depend on the opposing “load”
force? As the load force increases, the velocity of the
motor decreases. The magnitude of the load force
at which the average velocity of the motor vanishes,
is called the stall force. What happens when the
load force is increased beyond the stall force? Three
possible scenarios are as follows: (i) the motor may
detach from the track, or (ii) the motor may reverse
its direction of motion (and move in the direction of
the load force) (a) without hydrolyzing ATP, or (b)
hydrolyzing ATP. The force-velocity relation is one
of the most fundamental characteristic property of
a motor. What is the most appropriate definition
of efficiency of the motor and how to estimate that
efficiency?
(ix) Regulation and control: How is the operation
of the motor regulated? For example, how is the
motor switched on and off? Recall that the speed of
a car can also be regulated by imposing the some
speed limit or by traffic signals. Are there molecular
signals that control the motor’s movement on its
track and how? How does the motor pick up its
cargo and how does it drop it at the target location?
How do motors get back to their starting points of
the processive run after delivering their cargo?
(x) Motor-motor interactions: How do different
types of motors interact while moving on the same
track carrying their cargo? How do different classes
of motors, which move on different types of tracks,
coordinate their functions and even transfer or
exchange their cargoes?
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7 Intracellular porters: collec-
tive transport
In the preceeding section we have considered oper-
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processive directed motion of the motor as a whole.
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eration, competition, etc. ; collective properties of
rowers will be taken up later.
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movement of the bead in the presence of ATP is mon-
itored using appropriate optical micropscopic meth-
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than one motor is also used for transportation of vesi-
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tion, we consider in this section those reversals where
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the cargo uses a “tug-of-war” between kinesins and
dyneins to execute bidirectional motion on the same
MT track. Several possible functional advantages of
bidirectional transport have been conjectured.
Wide varieties of bidirectional cargoes have already
been identified so far; these include organelles (for
example, mitochondria) as well as secretaory vesicles
and even viruses. If motion in one direction domi-
nates overwhelmingly over the other, it becomes ex-
tremely difficult to identify the movement unambigu-
ously as “bidirectional” because of the limitations of
the spatial and temporal resolutions of the existing
techniques of imaging.
The main challenge in this context is to under-
stand the mechanisms of this bidirectional transport
and those which control the duration of unidirectional
movement in between two successive reversals. This
insight will also be utilized for therapeutic strategies.
For example, the motor or the motor-cargo link may
be targeted blocking the virus that hijacks the mo-
tor transport system to travel towards the nucleus.
On the other hand, a virus executing bidirectional
movements can be turned away from the outskirts of
the nucleus by tilting the balance in favour of the
kinesins.
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movement of the cargo is observed when the attached
motors are replaced by motors of opposite polarity.
(ii) The second possible mechanism is the closest to
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motors of opposite polarity, which are simultaneously
attached to the same cargo and tend to walk on the
same filament generates a net displacement in a di-
rection that is decided by the stronger side. (iii) The
third mechanism is based on the concept of regula-
tion; although motors of opposite polarity are simul-
taneously attached to the cargo, only one type of mo-
tors are activated at a time for walking on the track.
In this mechanism, the reversal of the cargo move-
ment is caused by the regulator when it disengages
one type of motor and engages motors of the oppo-
site polarity. For experimentalists, it is a challenge
not only to identify the regulator, if such a regulator
exists, but also to identify the mechanism used by the
regulator to act as a switch for causing the reversal
of cargo movement. Dynactin has been identified as
a possible candidate for the role of such a regulator.
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7.4 Unidirectional traffic of many car-
goes on a single track: Molecular
motor traffic jam
Most of the multi-motor phenomena we have consid-
ered in the preceeding section are restricted to suffi-
ciently low densities where direct interaction of the
cargoes did not occur. As the cargoes are always
much bigger than the motors (in-vitro as well as in-
vivo), direct steric interactions of the cargoes become
significant when several cargoes are carried by suffi-
ciently dense population of motors along the same
track. Such situations are reminiscent of vehicular
traffic where mutual hindrance of the vehicles cause
traffic jam at sufficiently high densities. In analogy
with vehicular traffic, we shall refer to the collective
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movement of molecular motors along a filamentary
track as “molecular motor traffic”; we shall explore
the possibility of molecular motor traffic jam and its
possible functional implications.
Most of the minimal theoretical models of inter-
acting molecular motors utilize the similarities be-
tween molecular motor traffic on MT and vehicular
traffic on highways both of which can be modelled
by appropriate extensions of the totally asymmetric
simple exclusion process. In such models the motor
is represented by a “self-propelled” particle and its
dynamics is formulated as an appropriate extension
of the dynamics of the totally asymmetric simple ex-
clusion process. In such models, in addition to for-
ward ‘hopping” from one binding site to the next,
the motor particle is also allowed to detach from the
track. Moreover, attachment of a motor particle to
an empty site is also allowed.
In reality, a molecular motor is an enzyme that hy-
drolyses ATP and its mechanical movement is cou-
pled to its enzymatic cycle. In some recent works on
cytoskeletal motor traffic, the essential features of the
enzymatic cycle of the individual motors have been
captured.
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7.6 Cargoes at crossings and on park-
and-ride transport system
Filamentous actin forms branched networks. There-
fore, naturally, a fundamental question on transport
of cargoes by unconventional myosins on actin net-
works is what happens to the cargo when it reaches a
point where a single track branched out in two differ-
ent directions. Moreover, similar situation also arises
when a cargo hauled by kinesins reaches a crossing of
MT tracks.
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Furthermore, the networks of microtubules and
actin filaments are not disconnected. The cytoskele-
ton is microtubule-rich near the cell center whereas
dense actin filaments dominate the cytoskeleton near
the cell periphery. On their way to destinations near
the cell periphery, cargoes cover some distance by
taking ride on microtubule-based kinesin motors and
then switch to actin-based myosin motors; this is
sometimes referred to as the park-and-ride transport
system in analogy with that in metro cities of devel-
oped nations. Similar transfer of cargoes from actin
network to microtubule network during the transport
in the reverse dorection is also well documented.
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7.8 Examples of intracellular trans-
port and traffic: axonal transport
In a human body, the axon can be as long as a meter
whereas the corresponding cell body is only about 10
microns in length. Almost all the proteins needed
to maintain the synapses are synthesized in the cell
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8.3 Axonemal dynein and beating of
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either synthesize, or manipulate, or degrade macro-
molecular constituents of a cell, namely, DNA, RNA
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along a macromolecular track whereas others, whose
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16 Helicase and unzipping of
nucleic acids
Helicases are molecular motors that unzip double-
stranded nucleic acids and translocate along one of
the two strands. Some Helicases also function as
“sweepers” in the sense that non-helicase proteins
47
bound to the nucleic acid strand are dislodged by
a helicase.
Nucleic acid translocases either move along nu-
cleic acid tracks or, if anchored, move a nucleic acid
strand. Helicases are special types of nucleic acid
transocase as these translocate along single strands
of nucleic acids by unzipping double-stranded nu-
cleic acids. There are many nucleic acid translocases
which, in spite of structural similarity with helicases,
do not unzip nucleic acids.
Now we focus only on the mechanisms of opera-
tion of helicases. Later we’ll examine their opera-
tional mechanisms in broader contexts like, for ex-
ample, replication, repair and recombination.
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and multimeric types; dimeric and hexameric being
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Here we utilize this last scheme of classification for
highlighting the unity of mechanisms of helicases in
spite of their diverse functions.
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17 Topoisomerases and untan-
gling of nucleic acids
During various processes in DNA metabolism, of-
ten DNA strands get entangled. Topoisomerases un-
tangle nucleic acids thereby changing their topology.
The extent of supercoiling is expressed quantitatively
by the linking number which is the sum of the twist
and writhe of the DNA molecule. The linking num-
ber is an integer and is a topological characteristic
property of the molecule. DNA molecules with dif-
ferent linking numbers are called topoisomers. The
topoisomerase interconverts topoisomers and hence
the name.
Topoisomerases are divided into two classes which
are named type I and type II. Type I topoisomerases
can change the linking number of a closed circular
DNA in steps of ±1 whereas type II topoisomerases
change the linking number in steps of ±2. This
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is achieved by type I topoisomerases by first cleav-
ing one strand of the DNA and, then, after passing
the other strand through this break, resealing the
break. In contrast, a type II topoisomerase cleaves
both strands of a dsDNA and passes another intact
segment of dsDNA through this break. Type I and
II topoisomerases are further classified into subfam-
ilies designated as IA, IB, IIA, IIB, etc. on the ba-
sis of primary sequence and operational mechanism.
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18 Membrane-associated ma-
chines for macromolecule
translocation: exporters
and importers
We now consider the translocation of three types of
macromolecules, namely, DNA, RNA and proteins
across cell membranes as well as internal membranes
of eukaryotic cells. In the next part, we’ll consider
active transport of small molecules and ions across
membranes by molecular machines.
18.1 Export and import of macro-
molecule across membranes:
general principles
Macromolecules to be translocated across the pore
may be hydrophobic or may be electrically charged.
Therefore, it is not surprising if it encounters an en-
ergy barrier while trying to translocate across the
pore. However, what makes macromolecule translo-
cation even more interesting from statistical physics
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perspective is that the macromolecule also encounters
an entropic barrier. The number of allowed confor-
mations of the macromolecular chain, and hence its
entropy, is drastically reduced when it translocates
across a narrow pore. Therefore, in general, the bar-
rier encountered by the translocating macromolecular
chain is a free energy barrier.
So far as the process of macromolecule transloca-
tion is concerned, it can be divided into two sub-
processes- in the first, the tip of the macromolecule
just enters the pore and, then, in the second sub-
process the entire length of the chain crosses the
pore. The first process is analogous to putting the
tip of a thread through the hole of a needle whereas
the second is the analogue of pulling a length L of
that thread through the same hole after successful
insertion of the tip. Both power stroke and Brown-
ian ratchet mechanisms have been proposed. Power
stroke can manifest itself either as a “push” or a
“pull” in the appropriate direction.
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• DNA translocation through nanopores: gen-
eral principles
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19 Genome packaging ma-
chines of viral capsids
As stated earlier, the viral genomes may consist of
DNA or RNA. There are two alternative mechanisms
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20 Polynucleotide polymerases
Among the macromolecules of life, nucleic acids and
proteins are polymerized by machines which use the
respective tracks also as templates for the synthe-
sis. In this section, we consider polymerase machines
which synthesize nucleic acids while translocating on
another nucleic acid. The main quantities of interest
in this context is the rate of synthesis of the macro-
molecules. Although most of the works initially fo-
cussed on the average rates, the fluctuations in the
rate of synthesis is receving more attention in recent
years because of two recent developments: (a) the
availability of experimental techniques for detection
of individual macromolecular products as they are
synthesized and released, and (b) the relevance of
transcriptional and translational noise in the study
of overall noise in gene expression.
The free energy released by the polymerization of
the polynucleotide products serve as the input en-
ergy for the driving the mechanical movements of the
corresponding polymerase. Therefore, these are also
regarded as molecular motors. Polymerase motors
generate forces which are about 3 to 6 times stronger
than that generated by cytoskeletal motors. But, the
step size of a polymerase is about 0.34 nm whereas
that of a kinesin is about 8 nm. Moreover, the poly-
merase motors are slower than the cytoskeletal mo-
tors by two orders of magnitude. Furthermore, natu-
ral nucleic acid tracks are intrinsically inhomogeneous
because of the inhomogeneity of nucleotide sequences
whereas, in the absence of MAPs and ARPs, the cy-
toskeletal tracks are homogeneous and exhibit perfect
periodic order.
The polymerase is expected to have binding sites
for (a) the template strand, (b) the nascent polynu-
cleotide strand, and (c) the NTP subunits. It must
have a mechanism to select the appropriate NTP dic-
tated by the template and a mechanism to catalyze
the addition of the NTP thus selected to the grow-
ing polynucleotide. It must be able to step forward
by one nucleotide on its template without completely
destabilizing the iternary complex consisting of the
polymerase, the template and the product. Finally,
it must have mechanisms for initiation and termina-
tion of the polymerization process for which, most
often, it requires assistance of other proteins.
Most of the fundamental questions we raised in
the context of the cytoskeletal motors remain valid
also for polynuclotide polymerases. Some further
questions, that are unique for polymerases, are posed
below:
(i) Are the two translocations, namely nucleotide
addition and forward movement of the polymerase,
tightly coupled? Or, is it possible to add nucleotide
to the growing product without forward movement
of the polymerase? In principle, the latter seems to
be possible provided the conformation of the TEC
changes accordingly.
(ii) What are the paths of the template and prod-
uct polynucleotide chains within the polymerase? If
the template one of the two strands of a double-
stranded nucleic acid, what path does the non-
template strand follow?
(iii) Does the template and the nascent product
polynuclotide form any hybrid structure and, if so,
what are the (free-)energetics of the that determine
the maximum size of the hybrid? What causes the
product polynucleotide to separate from the corre-
sponding template?
(iv) Do the secondary structures of the template
and the product play any role in the process of poly-
meraization?
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On the basis of the nature of the template and
product polynucleotides, polymerases can be broadly
divided into four classes: DNA-dependent RNA poly-
merase (DdRP), DNA-dependent DNA polymerase
(DdDP), RNA-dependent DNA polymerase (RdDP)
and RNA-dependent RNA polymerase (RdRP).
There are several common architectural features
of all polynucleotide polymerases. The shape of the
polymerase has some resemblance with the “cupped
right hand” of a normal human being; the three ma-
jor domains of it are identified with “fingers”, “palm”
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ferences in the details of the architectural designs of
these machines which are essential for their specific
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the gross architectural similarities between the poly-
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by the polymerase machines are common:
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of the product. This stage is completed when the
nascent product becomes long enough to stabilize
the macromolecular machine complex against disso-
ciation from the template.
(b) elongation: During this stage, the nascent prod-
uct gets elongated by the addition of nucleotides.
(c) termination: Normally, the process of synthesis
is terminated, and the newly polymerized full length
product molecule is released, when the polymerase
encounters the terminator (or, stop) sequence on the
template. However, we shall consider, almost exclu-
sively, the process of elongation.
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chain takes place at a catalytically active site located
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21 Ribosomes and polymeriza-
tion of polypeptides
Synthesis of each protein from the corresponding
messenger RNA (mRNA) template is carried out by
a ribosome and the process is referred to as trans-
lation (of genetic code). Ribosome is one of the
largest and most sophisticated macromlecular ma-
chines within the cell. Even in the simplest organ-
isms like single-cell bacteria, a ribosome is composed
of few rRNA molecules as well as several varieties of
protein molecules.
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track and assists in decoding the genetic message en-
coded by the codons (triplets of nucleotides) on the
mRNA. But, the actual polymerization of the protein
(a polypeptide) takes place in the large subunit. The
operations of these two subunits are coordinated by
a class of adapter molecules called tRNA.
The “head” and the “body” are the two major
parts of the small subunit. Two major lobes, which
sprout upward from the “body”, are called the “plat-
form” and the “shoulder”, respectively. The decod-
ing center of the ribosome lies in the cleft between
the “platform” and the “head” of the small subunit.
The incoming template mRNA utilizes a “channel”
formed between the “head” and the “shoulder” as
a conduit for its entry into the ribosome. Through
the cleft between the “head” and the “platform” the
mRNA exits the ribosome.
The characteristic “crown-like” architecture of the
large subunit arises from three protuberances. On the
flat side of the large subunit exists a “canyon” that
runs across the width of the subunit and is bordered
by a “ridge”. Halfway across this ridge, a hole leads
into a “tunnel” from the bottom of the “canyon”.
This “tunnel” penetrates the large subunit and opens
into the solvent on the other side of the large subunit.
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mately 10 nm long and its average width is about 1.5
nm.
Several intersubunit “bridges” connect the two
subunits of each ribosome. This bridges are suffi-
ciently flexible so that relative movements of the two
subunits can take place in each cycle of the ribosome.
The intersubunit space is large enough to accomodate
just three tRNA molecules which can bind, at a time,
with the three binding sites E, P and A. Moreover,
the shape of intersubunit space is such that it allows
easy passage of the L-shaped tRNA molecules.
Just like the synthesis of polynucleotides (e.g.,
transcription and replication), synthesis of polypep-
tides (i.e., translation) also goes through three stages,
namely, initiation, elongation, and termination. Dur-
ing the elongation stage, the three major steps in the
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chemo-mechanical cycle of a ribosome are as follows:
In the first, the ribosome selects a aa-tRNA whose
anticodon is exactly complementary to the codon on
the mRNA. Next, it catalyzes the reaction responsi-
ble for the formation of the peptide bond between the
existing polypeptide and the newly recruited amino
acid resulting in the elongation of the polypeptide.
Finally, it completes the mechano-chemical cycle by
translocating itself completely to the next codon and
is ready to begin the next cycle.
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teins, play important roles in the control of these ma-
jor steps which require proper communication and
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appreciated from the following considerations. The
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nism that remains unclear), the EF-Tu separates out
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ilarly, elongation factor G (EF-G) coordinates the
translocation of the mRNA by one codon and the
simultaneous movement of the tRNA molecules from
one binding site to the next one.
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1195.R.D. Kornberg and Y. Lorch, Twenty-five years
of the nucleosome, fundamental particle of
the eukaryotic chromosome, Cell 98, 285-294
(1999).
1196.V. Morales, C. Giamarchi, C. Chailleaux, F.
Moro, V. Marsaud, S. Le Ricousse and H.
Richard-Foy, Chromatin structure and dynam-
ics: functional implications, Biochimie 83,
1029-1039 (2001).
1197.H.Schiessel, The physics of chromatin, J. Phys.
Condens. Matter, 15, R699-R774 (2003).
1198.C. Lavelle and A. Benecke, Chromatin Physics:
replacing multiple, reprsentation-centered de-
scriptions at discrete scales by a continu-
ous, function-dependent self-scaled model, Eur.
Phys. J. E 19, 379-384 (2006).
1199.J. Widom, Structure, dynamics and function
of chromatin in vitro, Annu. Rev. Biophys.
Biomol.Struc. 27, 285-327 (1998).
1200.D. Tremethick, Chromatin: the dynamic link
between structure and function, Chromosome
Research, 14, 1-4 (2006).
1201.S.J. McBryant, V.H. Adams and J.C. Hansen,
Chromatin architectural proteins, 14, 39-51
(2006).
There are some common features, in spite of wide
range of differences, in the organization of eukaryotic
and prokaryotic chromosomes.
1202.A.J. Bendich and K. Drlica, Prokaryotic and
eukaryotic chromosomes: what’s the differ-
ence?, Bioessays 22, 481-486 (2000).
In order to get access to the relevant segments of
DNA for various processes in DNA metabolism, eu-
karyotic cells use a class of machines which alter the
DNA-histone interactions. These machines fall in two
different classes: (i) enzymes that covalently modify
histone proteins (histone modifying enzymes), and
(ii) ATP-dependent chromatin-remodeling enzymes
(CRE) which alter the structure and/or position of
the nucleosomes.
1203.B.M. Turner, Chromatin and gene regulation,
(Blackwell Science 2001).
1204.A. Vaquero, A. Loyola and D. Reinberg,
The constantly changing face of chromatin,
SAGEKE 4, 1-16 (2003).
25.1 Histone modifying enzymes
In addition to modification of the histones in the nu-
cleosomes, the linker histone also plays important role
as the “gate keeper” by regulating the access to nu-
cleosomal DNA.
1205.T. Kouzarides, Chromatin modifications and
their function, Cell 128, 693-705 (20070.
1206.A. Eberharter and P.B. Becker, Histone acety-
lation: a switch between repressive and permis-
sive chromatin, EMBO Rep. 3, 224-229 (2002).
84
1207.S.L. Berger, An embarrassment of niches: the
many covalent modifications of histones in tran-
scriptional regulation, Oncogene 20, 3007-3013
(2001).
1208.J. Zlatanova, P. Caiafa and K. van Holde,
Linker histone binding and displacement: ver-
satile mechanism for transcriptional regulation,
FASEB J. 14, 1697-1704 (2000).
1209.G. Felsenfeld and M. Groudine, Controlling the
double helix, Nature 421, 448-453 (2003).
25.2 Roles of CRE in chromatin as-
sembly
Although, at first sight, chromatin-assembly and re-
modeling may appear to be opposite processes, there
is a step common to both- sliding of the nucleosome
on a DNA. Therefore, it should not be surprising that
several CRE participate in both these processes.
1210.T. Ito, J.K. Tyler and J.T. Kadonaga, Chro-
matin assembly factors: a dual function in nu-
cleosome formation and mobilization?, Genes
to Cells 2, 593-600 (1997).
1211.J.K. Tyler, Cooperation between histone chaper-
ones and ATP-dependent nucleosome remodel-
ing machines, Eur. J. Biochem. 269, 2268-2274
(2002).
1212.K.A. Haushalter and J.T. Kadonaga, Chro-
matin assembly by DNA-translocating motors,
Nat. Rev. Mol. Cell Biol. 4, 613-620 (2003).
1213.A. Lusser and J.T. Kadonaga, Strategies for the
reconstitution of chromatin, Nat. Methods, 1,
19-26 (2004).
1214.S.E. Polo and G. Almouzini, Chromatin assem-
bly: a basic recipe with various flavours, Curr.
Opin. Genet. Dev. 16, 104-111 (2006).
25.3 ATP-dependent chromatin-
remodeling enzymes
Some of the CRE repress chromatin, instead of ac-
tivating it. Therefore, a general definition of chro-
matin remodeling should be as follows: chromatin
remodeling is a change in the state of chromatin that
facilitates its activation or repression.
1215.A. Eberharter and P.B. Becker, ATP-dependent
nucleosome remodelling: factors and functions,
J. Cell Sci. 117, 3707-3711 (2004).
1216.T. Tsukiyama, The in-vivo functions of ATP-
dependent chromatin-remodelling factors, Nat.
Rev. Mol. Cell Biol. 3, 422-429 (2002).
1217.L.R. Racki and G.J. Narlikar, ATP-dependent
chromatin remodeling enzymes: two heads are
not better, just differentz, Curr. Opin. Genet.
Dev. 18, 1-8 (2008).
1218.K. Bouazoune and A. Brehm, ATP-dependent
chromatin remodeling in Drosophila, Chromo-
some Res. 14, 433-449 (2006).
1219.S.E. Halford, A.J. Welsh and M.D. Szczelkun,
Enzyme-mediated DNA looping, Annu. Rev.
Biophys. Biomol. Struct. 33, 1-24 (2004).
1220.P.B. Becker and W. Ho¨rz, ATP-dependent nu-
cleosome remodeling, Annu Rev. Biochem. 71,
247-273 (2002).
1221.P.B. Becker, Nucleosome sliding: facts and fic-
tion, EMBO J. 21, 4749-4753 (2002).
1222.P.D. Gregory and W. Ho¨rz, Life with nucleo-
somes: chromatin remodelling in gene regula-
tion, Curr. Opin. Cell Biol. 10, 339-345 (1998).
1223.T. Owen-Hughes, Pathways for remodelling
chromatin, Biochem. Soc. Transac. 31, 893-905
(2003).
1224.A. Flaus and T. Owen-Hughes, Mechanisms
for ATP-dependent chromatin remodelling:
farewell to the tuna-can octamer, Curr. Opin.
Genet. Dev. 14, 165-173 (2004).
1225.C.L. Peterson, Chromatin remodeling enzymes:
taming the machines, EMBO Rep. 3, 319-322
(2002).
85
1226.C.J. Fry and C.L. Peterson, Chromatin remod-
eling enzymes: who’s on first?, Curr. Biol. 11,
R185-R197 (2001).
1227.A. Lusser and J.T. kadonaga, Chromatin re-
modeling by ATP-dependent molecular ma-
chines, BioEssays 25, 1192-1200 (2003).
1228.M. Vignali, A.H. Hassan, K.E. Neely and
J.L. Workman, ATP-dependent chromatin-
remodeling complexes, Mol. and Cellular Biol.
20, 1899-1910 (2000).
1229.B.R. Cairns, Chromatin remodeling complexes:
strength in diversity, precision through special-
ization, Curr. Opin. Genet. Dev. 15, 185-190
(2005).
1230.A. Saha, J. Wittmeyer and B.R. Cairns, Chro-
matin remodelling: the industrial revolution of
DNA around histones, Nat. Rev. Mol. Cell Biol.
7, 437-447 (2006).
1231.P. Varga-Weisz, ATP-dependent chromatin re-
modeling factors: nucleosome shufflers with
many missions, Oncogene 20, 3076-3085
(2001).
1232.K. Luger, Dynamic nucleosomes, Chromosome
Res. 14, 5-16 (2006).
1233.K. Van Holde and J. Zlatanova, Scanning chro-
matin: a new paradigm, J. Biol. Chem. 281,
12197-12200 (2006).
1234.Y. Bao and X. Shen, INO80 subfamily of chro-
matin remodelin complxes, Mutation Res. 618,
18-29 (2007).
1235.E. Brown, S. Malakar and J.E. Krebs, How
many remodelers does it take to make a
brain? Diverse and cooperative roles of ATP-
dependent chromatinremodeling complexes in
development, Biochem. Cell Biol. 85, 444-462
(2007).
1236.M.L. verbsky and E.J. Richards, Chromatin re-
modeling in plants, Curr. Opin. Plant Biol. 4,
494-500 (2001).
1237.J.A. Martens and F. Winston, Recent ad-
vances in understanding chromati remodeling
by Swi/Snf complxes, Curr. Opin. Genet. Dev.
13, 136-142 (2003).
1238.A Jerzmanowski, SWI/SNF chromatin remod-
eling and linker histones in plants, Biochim.
Biophys. Acta, 1769, 330-345 (2007).
1239.J.J.F.A. van Vugt, M. Ranes, C. Campsteijn
and C. Logie, The ins and outs of ATP-
dependent chromatin remodeling in budding
yeast: biophysical and proteomic perspectives,
Biochim. Biophys. Acta, 1769, 153-171 (2007).
1240.C. Muchardt and M. Yaniv, ATP-dependent
chromatin remodelling: SWI/SNF and Co. are
on the job, J. Mol. Biol. 293, 187-198 (1999).
1241.A. Flaus and T. Owen-Hughes,Mechanisms for
nucleosome mobilization, Biopolymers 68, 563-
578 (2003).
1242.T. Sakaue, K. Yoshikawa, S.H. Yoshimura and
K. Takeyasu, Histone core slips along DNA and
prefers positioning at the chain end, Phys. Rev.
Lett. 87, 078105 (2001).
1243.I.M. Kulic and H. Schiessel, Chromatin dynam-
ics: nucleosomes go mobile through twist de-
fects, Phys. Rev. Lett. 91, 148103 (2003).
1244.H. Schiessel, The nucleosome: a transparent,
slippery, sticky and yet stable DNA-protein
complex, Eur. Phys. J. E 19, 251-262 (2006).
1245.F. Mohammad-Rafiee, I.M. Kulic and H.
Schiessel, Theory of nucleosome corkscrew slid-
ing in the presence of synthetic DNA ligands,
J. Mol. Biol. 344, 47-58 (2004).
1246.W. Mo¨bius, R.A. Neher and U. Gerland, Ki-
netic accessibility of buried sites in nucleo-
somes, Phys. Rev. Lett. 97, 208102 (2006).
1247.J. Langowski, Polymer chain models of DNA
and chromatin, Eur. Phys. J. E 19, 241-249
(2006).
86
1248.A. Lense and J.M. Victor, Chromatin fiber
functional organization: some plausible models,
Eur. Phys. J. E 19, 279-290 (2006).
1249.C. Vaillant, B. Audit, C. Thermes and A. Ar-
neodo, Formation and positioning of nucleo-
somes: effect of sequence- dependent long-range
correlated structural disorder, Eur. Phys. J. E
19, 263-277 (2006).
1250.K. Havas, A. Flaus, M. Phelan, R. Kingston,
P.A. Wade, D.M. J. Lilley and T. Owen-
Hughes, Generation of superelical torsion by
ATP-dependnt chromatin remodeling activities,
Cell 103, 1133-1142 (2000).
1251.N. Korolev, O.V. Vorontsova and L. Noden-
skiold, Physicochemical analysis of electrostatic
foundation for DNA-protein interactions in
chromatin transformations, Prog. in Biophys.
and Molec. Biol. 95, 23-49 (2007).
1252.P. Ranjith, J. Yan and J.F. Marko, Nucleosome
hopping and sliding kinetics determind from dy-
namics of single chromatin fibers in Xenopus
egg extracts, PNAS 104, 13649-13654 (2007).
1253.G. Lia, E. Praly, H. Ferreira, C. Stockdale, Y.C.
Tse-Dinh, D. Dunlap, V. Croquette, D. Bensi-
mon and T. Owen-Hughes, Direct observation
of DNA distortion by RSC complex, Mol. Cell
21, 417-425 (2006).
1254.A.E. Leschziner, A. Saha, J. Wittmeyer, Y.
Zhang, C. Bustamante, B.R. Cairns and E.
Nogales, Conformational flexibility in the chro-
matin remodeler RSC observed by electron mi-
croscopy and the orthogonal tilt reconstruction
method, PNAS 104, 4913-4918 (2007).
1255.K. Rippe, A. Schrader, P. Riede, R. Strohner,
E. Lehmann and G. La¨ngst, DNA sequence-
and conformation-directed positioning of nu-
cleosomes by chromatin-remodeling complexes,
PNAS 104, 15635-15640 (2007).
1256.H.Y. Fan, X. He, R.E. Kingston and G.J.
Narlikar, Distinct strategies to make nucleoso-
mal DNA accessible, Mol. Cell 11, 1311-1322
(2003).
1257.J.D. Anderson, A. Thastrom and J. Widom,
Spontaneous access of proteins to buried nucleo-
somal DNA target sites occurs via a mechanism
that is distinct from nucleosome translocation,
Mol. Cell. Biol. 22, 7147-7157 (2002).
1258.K.J. Polach and J. Widom, Mechanism of pro-
tein access to specific DNA sequences in chro-
matin: a dynamic equilibrium model for gene
regulation, J. Mol. Biol. 254, 130-149 (1995).
1259.F.D. Urnov and A.P. Wolffe, Chromatin remod-
eling and transcriptional activation: the cast
(in order of appearance), Oncogene 20, 2991-
3006 (2001).
1260.A. Nemeth and G. La¨ngst, Chromatin higher
order structure: opening up chromatin for tran-
scription, Briefings in functional genomics and
proteomics, 2, 334-343 (2004).
• RSC: a chromatin-remodeling enzyme
RSC (Remodelling the structure of chromatin) is
a well studied remodeller of chromatin in yeast.
1261.F.J. Asturias, W.H. Chung, R.D. Kornberg
and Y. Lorch, Structural analysis of the
RSC chromatin-remodeling complex, PNAS 99,
13477-13480 (2002).
1262.T. Strick and A. Quessada-Vial, Chromatin re-
modeling: RSC motors along the DNA, Curr.
Biol. 16, R287-R289 (2006).
1263.Y. Zhang, C.L. Smith, A. Saha, S.W. Grill, S.
Mihardja, S.B. Smith, B.R. Cairns, C.L. Pe-
terson and C. Bustamante, DNA translocation
and loop formation mechanism of chromatin re-
modeling by SWI/SNF and RSC, Mol. Cell 24,
559-568 (2006).
1264.G. La¨ngst and P. B. Becker, Nucleosome mo-
bilization and positioning by ISWI-containing
chromatin-remodeling factors, J. Cell Sci. 114,
2561-2568 (2001).
1265.I. Gavin, P.J. Horn and C.L. Peterson,
SWI/SNF chromatin remodeling requires
changes in DNA topology, Molecular Cell 7,
97-104 (2001).
87
1266.A. Saha, J. Wittmeyer and B.R. Cairns,
Chromatin remodeling through directional DNA
translocation from an internal nucleosomal site,
Nat. Str. and Molec. Biol. 12, 747-755 (2005).
1267.G. Li, M. Levitus, C. Bustamante and J.
Widom, Rapid spontaneous accesibility of nu-
cleosomal DNA, Nat. Str. and Mol. Biol. 12,
46-53 (2005).
1268.S. Mihardja, A.J. Spakowitz, Y. Zhang and C.
Bustamante, Effect of force on mononucleoso-
mal dynamics, PNAS 103, 15871-15876 (2006).
1269.A. Leschziner, B.Lemon, R. Tjian and E. No-
gales, Structural studies of the human PBAF
chromatin-remodeling complex, Structure 13,
267-275 (2005).
• NURF: a chromatin-remodeling enzyme
NURF (Nucleosome remodeling factor) is a well
studied remodeller of chromatin in drosophila.
1270.A. Hamiche, R. Sandaltzopoulos, D.A. Gdula
and C. Wu, ATP-dependent histone octamer
sliding mediated by the chromatin remodeling
complex NURF, Cell 97, 833-842 (1999).
• CHRAC: a chromatin-remodeling enzyme
CHRAC (Chromatin accessibility complex) is a
well studied remodeller of chromatin in drosophila.
1271.G. La¨ngst, E.J. Bonte, D.F.V. Corona and P.B.
Becker, Nucleosome movement by CHRAC and
ISWI without disruption or trans-displacement
of the histone octamer, Cell 97, 843-852 (1999).
25.4 Machines for packaging and ma-
nipulating bacterial DNA
Although bacterial chromosomal DNA are not en-
closed in any nucleus, these are, nevertheless, pack-
aged in a structure call nucleoid.
1272.M. Thanbichler, P.H. Viollier and L. Shapiro,
The structre and function of the bacterial chro-
mosome, Curr. Opin. Genet. Dev. 15, 153-162
(2005).
1273.M. Thanbichler, S.C. Wang and L. Shapiro, The
bacterial nucleoid: a highly organized and dy-
namic structure, J. Cellular Biochem. 96, 506-
521 (2005).
1274.A. Travers and G. Mushkhelishvili, Bacterial
chromatin, Curr. Opin. Genet. Dev. 15, 507-
514 (2005).
1275.M.S. Luijsterburg, M.C. Noom, G.J.L. Wuite
and R.T. Dame, The architectural role of
nucleoid-associated proteins in the organization
of bacterial chromatin: a molecular perspective,
J. Str. Biol. 156, 262-272 (2006).
1276.M. Thanbichler and L. Shapiro, Chromosome
organization and segregation in bacteria, J. Str.
Biol. 156, 292-303 (2006).
1277.O. Espeli and F. Boccard, Organization
of the Escherichia coli chromosome into
macrodomains and its possible functional im-
plications, J. Str. Biol. 156, 304-310 (2006).
1278.D. Frenkiel-Krispin and A. Minsky, Nucleoid
organization and the maintenance of DNA in-
tegrity in E. coli, B. subtilis and D. radiodurans,
J. str. Biol. 156, 311-319 (2006).
The competing forces, which arise from DNA-
protein interactions and determine the compact or-
ganization of the bacterial DNA have been investi-
gated.
1279.J. Stavans and A. Oppenheim, DNA-protein in-
teractions and bacterial chromosome architec-
ture, Phys. Biol. 3, R1-R10 (2006).
1280.C.L. Woldringh, P.R. Jensen and H.V. West-
erhoff, Structure and partitioning of bacterial
DNA: determined by a balance of compaction
and expansion forces?, FEMS Microbiol. Lett.
131, 235-242 (1995).
25.5 Machines for packaging and ma-
nipulating mitochondral DNA
1281.X.J. Chen and R.A. Butow, The organization
and inheritance of the mitochndrial genome,
Nat. Rev. Gen. 6, 815-825 (2005).
88
1282.F. Malka, A. Lombes and M. Rojo, Orga-
nization, dynamics and transmission of mito-
chondral DNA: focus on vertebrate nucleoids,
Biochim. Biophys. Acta 1763, 463-472 (2006).
25.6 Chromatin remodeling in tran-
scription; transcription factory
1283.J.T. Kadonaga, Eukaryotic transcription: an
interlaced network of transcription factors and
chromatin-modifying machines, Cell 92, 307-
313 (1998).
1284.J.K. Tyler and J.T. Kadonaga, The “dark side”
of chromatin remodeling: repressive effects on
transcription, Cell 99, 443-446 (1999).
1285.S.K. Williams and J.K. Tyler, Transcriptional
regulation by chromatin disassembly and re-
assembly, Curr. Opin. Genet. Dev. 17, 88-93
(2007).
1286.D.G. Edmondson and S.Y. Roth, Chromatin
and transcription, FASEB J. 10, 1173-1182
(1996).
1287.G. Felsenfeld, Chromatin unfolds, Cell 86, 13-
19 (1996).
1288.J.L. Workman, Nucleosome displacement in
transcription, Genes and Dev. 20, 2009-2017
(2006).
1289.B. Li, M. Carey and J.L. Workman, The role of
chromatin during transcription, Cell 128, 707-
719 (2007).
1290.J. Mellor, The dynamics of chromatin remod-
eling at promoters, Molecular Cell 19, 147-157
(2005).
1291.R.J. Sims III, R. Belotserkovskaya and D. Rein-
berg, Elongation by RNA polymerase II: the
short and long of it, Genes and Dev. 18, 2437-
2468 (2004).
1292.J.N. Reeve, Archaeal chromatin and transcrip-
tion, Mol. Microbiol. 48, 587-598 (2003).
25.7 Chromatin remodeling in repli-
cation
1293.C. Demeret, Y. vassetzky and M. Mechali,
Chromatin remodeling and DNA replication:
from nucleosomes to loop domains, Oncogene
20, 3086-3093 (2001).
1294.M.C. Barton and A.J. Crowe, Chromatin alter-
ation, transcription and replication, Oncogene
20, 3094-3099 (2001).
1295.I. L. de la Serna, Y. Ohkawa and A.N. Im-
balzano, Chromatin remodelling in mammalian
differentiation: lessons from ATP-dependent
remodellers, Nat. Rev. Genetics, 7, 461-473
(2006).
26 Machines for DNA Repair
and recombination
For hereditary transmission of the genome, repair of
damaged DNA is as essential as the high fidelity of
the replication of the genome itself. Recombination
can be viewed as a process whose sole purpose is to
rearrange genetic material thereby generating genetic
diversity. However, recombination can also be used
to repair damaged DNA. Recombinational repair is
not the only method of DNA repair; there are other
methods of DNA repair which do not exploit recom-
bination. Just as DNA replication requires coordi-
nated operation of several machines, DNA repair and
recombination also needs similar coorporation of an-
other set of machines.
1296.P.C. Hanawalt, Paradigms for the three Rs:
DNA replication, reombination, and repair,
Mol. Cell 28, 702-707 (2007).
1297.B. Alberts, DNA replication and recombination,
Nature 421, 431-435 (2003).
1298.E.C. Friedberg, DNA damage and repair, Na-
ture 421, 436-440 (2003).
1299.O. Fleck and O. Nielsen, DNA repair, J. Cell
Sci. 117, 515-517 (2004).
89
1300.C.M. Green and G. Almouzni, When repair
meets chromatin, EMBO Rep. 3, 28-33 (2002).
1301.E.C. Friedberg, A brief history of DNA repair
field, Cell Res. 18, 3-7 (2008).
1302.K.P. Rice and M.M. Cox, Recombinational
DNA repair in bacteria: postreplication, in: En-
cyclopedia of Life Sciences, (John Wiley and
Sons, 2001).
1303.J.E. Haber, DNA recombination: the replica-
tion connection, Trends Biochem. Sci. 24, 271-
275 (1999).
1304.J.E. Haber, Recombination: a frank view of ex-
changes and vice versa, Curr. Opin. Cell Biol.
12, 286-292 (2000).
1305.A. Kuzminov, Recombinational repair of DNA
damage in Escherichia coli and bacteriophage
λ, Microbiol. Mol. Biol. 63, 751-813 (1999).
1306.M.J. Neale and S. Keeney, Clarifying the me-
chanics of DNA strand exchange in meiotic re-
combination, Nature 442, 153-158 (2006).
1307.X. Li and W.D. Heyer, Homologous recombina-
tion in DNA repair and DNA damage tolerance,
Cell Res. 18, 99-113 (2008).
26.1 Motor-driven junction migration
1308.D.M.J. Lilley, Structures of helical junctions in
nucleic acids, Quart. Rev. Biophys. 33, 109-159
(2000).
1309.F. W. Stahl, The Holliday junction on its thirti-
eth anniversary, Genetics 138, 241-246 (1994).
1310.Y. Liu and S.C. West, Happy Hollidays: 40th
anniversary of the Holliday junction, Nat. Rev.
Mol. Cell Biol. 5, 937-944 (2004).
1311.W.D. Heyer and R. Kanar, Recombination
mechanisms: fortieth anniversary meeting of
the Holliday model, Mol. Cell 16, 1-9 (2004).
1312.D.M.J. Lilley, R.M. Clegg, S. Diekmann, N.C.
Seeman, E. von Kitzing and P.J. Hagerman, A
nomenclature of junctions and ranchpoints in
nucleic acids, nucleic Acids Research, 23, 3363-
3364 (1995).
1313.C. Altona, Classification of nucleic acid junc-
tions, J. mol. Biol. 263, 568-581 (1996).
1314.S.C. Kowalczykowski, D.A. Dixon, A.K. Eggle-
ston, S.D. Lauder and W.M. Rehrauer, Bio-
chemistry of homologous recombination in Es-
cherichia coli, Microbiol. Rev. 58, 401-465
(1994).
1315.S.C. West, Formation, translocation and reso-
lution of Holliday junctions during homologous
genetic recombinations, Phil. Trans. Roy. Soc.
Lond. B 347, 21-25 (1995).
1316.J. Zlatanova and K. van Holde, Binding to four-
way junction DNA: a common property of ar-
chitectural proteins?, FASEB J. 12, 421-431
(1998).
1317.L.K. Stanley and M.D. Szczelkun, Direct and
random routing of a molecular motor protein
at a DNA junction, Nucleic Acids Research, 34,
4387-4394 (2006).
1318.I.G. Panyutin and P. Hsieh, The kinetics of
spontaneous DNA branch migration, PNAS 91,
2021-2025 (1994).
1319.Y. Fujitani and I. Kobayashi, Random-walk
model of homologous recombination, Phys. Rev.
E 52, 6607-6622 (1995).
1320.E. Myers and M.F. Bruist, Why a particle
physicist is interested in DNA branch migra-
tion, Nucl. Phys. B (Proc. Suppl.) 53, 856-858
(1997).
1321.M. Bruist and E. Myers, Discrete and contin-
uous mathematical models of DNA branch mi-
gration, J. Theor. Biol. 220, 139-156 (2003).
90
26.2 RecA motor in recombination
1322.M.M. Cox, The bacterial RecA protein as a mo-
tor protein, Annu. Rev. Microbiol. 57, 551-577
(2003).
1323.M.M. Cox, Motoring along with the bacterial
RecA protein, Nat. Rev. Mol. Cell Biol. 8, 127-
138 (2007).
1324.K.J. MacFarland, Q. Shan, R.B. Inman and
M.M. Cox, RecA as a motor protein, J. Biol.
Chem. 272, 17675-17685 (1997).
1325.C.E. Bell, Structure and mechanism of Es-
cherichia coli RecA ATPase, Mol. Microbiol.
58, 358-366 (2005).
1326.S.L. Gasior, H. Olivares, U. Ear, D.M. Hari, R.
Weichselbaum and D.K. Bishop, Assembly of
RecA-like recombinases: distinct roles for me-
diator proteins in mitosis and meiosis, PNAS
98, 8411-8418 (2001).
1327.T.F. Wang, L.Z. Chen and A.H.J. Wang, Right
or left turn? RecA family protein filaments pro-
mote homologous recombination through clock-
wise axial rotation, Bioessays 30, 48-56 (2007).
1328.M.M. Cox, Historical overview: searching for
replication help in all the rec places, PNAS 98,
8173-8180 (2001).
1329.D. Sagi, T. Tlusty and J. Stavans, High fidelity
of RecA-catalyzed recombination: a watchdog of
genetic diversity, Nucleic Acids Res. 34, 5021-
5031 (2006).
26.3 RecBCD motor in recombination
1330.M. Spies, P.R. Bianco, M.S. Dillingham, N.
Handa, R.J. Baskin and S.C. Kowalczkowshki,
A molecular throttle: the recombination hotspot
χ controls DNA translocation by the RecBCD
helicase, Cell 114, 647-654 (2003).
1331.T.T. Perkins, H.W. Li, R.V. Dalal, J. Gelles
and S.M. Block, Forward and reverse motion
of single RecBCD molecules on DNA, Biophys.
J. 86, 1640-1648 (2004).
1332.S.K. Amundsen and G.R. Smith, Interchnge-
able parts of the Escherechia coli recombination
machinery, Cell 112, 741-744 (2003).
1333.M.S. Dillingham, M. Spies and S.C. Kowal-
czkowski, RecBCD enzyme is a bipolar DNA
helicase, Nature 423, 893-897 (2003).
1334.P.R. Bianco, L.R. Brewer, M. Corzett, R.
Balhorn, Y. Yeh, S.C. Kowalczkowski and
R.J. Baskin, Processive translocation and
DNA unwinding by individual RecBCD enzyme
molecules, Nature 409, 374-378 (2001).
1335.P.R. Bianco and S.C. Kowalczkowski, Translo-
cation step size and mechanism of the RecBCD
helicase, Nature 405, 368-372 (2000).
1336.A.F. Taylor and G.R. Smith, RecBCD enzyme
is a DNA helicase with fast and slow motors of
opposite polarity, Nature 423, 889-893 (2003).
1337.S. Matson, Dual engines moving on antiparallel
tracks, Nat. Str. Biol. 10, 499-500 (2003).
1338.M.R. Singleton, M.S. Dillingham, M. Gaudler,
S.C. Kowalczkowski and D.B. Wigley, Crystal
structure of RecBCD enzyme reveals a machine
for processing DNA breaks, Nature 432, 187-
193 (2004).
26.4 RecG motor in recombination
1339.G.S. Briggs, A.A. Mahdi, G.R. Weller, Q. Wen
and R.G. lloyd, Interplay between DNA repli-
cation, recombination and repair based on the
structure of RecG helicase, Phil. Trans. Roy.
Soc. Lond. B 359, 49-59 (2003).
26.5 RecQ motor in recombination
1340.R.J. Bennett and J.L. Keck, Structure and
function of RecQ DNA helicases, Crit. Rev.
Biochem. and Mol. Biol. 39, 79-97 (2004).
1341.M.P. Killoran and J.L. Keck, Sit down, relax
and unwind: structural insights into RecQ he-
licase mechanisms, Nucl. Acids Res. 34, 4098-
4105 (2006).
91
26.6 RuvABC motor in recombina-
tion
1342.S.C. West, DNA helicases: new breeds of
translocating motors and molecularpumps, Cell
86, 177-180 (1996).
1343.S.C. West, Processing of recombination inter-
mediates by the RuvABC proteins, Annu. Rev.
Genetics, 31, 213-244 (1997).
1344.S.C. West, Molecular views of recombination
proteins and their control, Nat. Rev. Mol. Cell
Biol. 4, 1-11 (2003).
1345.D.E. Adams, I.R. Tsaneva and S.C. West,
PNAS 91, 9901-9905 (1994).
1346.C.D. Putnam, S.B. Clancy, H. Tsurata, S. Gon-
zalez, J.G. Wetmur and J.A. Tainer, Structure
and mechanism of the RuvB i Holliday junction
branch migration motor, J. Mol. Biol. 311, 297-
310 (2001).
1347.K. Yamada, T. Miyata, D. Tsuchiya, T.
Oyama, Y. Fujiwara, T. Ohnishi, H. Iwasaki,
H. Shinagawa, M. Ariyoshi, K. Mayanagi and
K. Morikawa, Crystal structure of the RuvA-
RuvB complex: a structural basis for the Holli-
day junction migrating motor machinery, Mol.
Cell, 10, 671-681 (2002).
1348.G.J. Sharples, S.M. Ingleston and R.G. Lloyd,
Holliday junction processing in bacteria: in-
sights from the evolutionary conservation of
RuvABC, RecG, and RusA, J. Bacteriol. 181,
5543-5550 (1999).
1349.A. Dawid, V. Croquette, M. Grigoriev and
F. Heslot, Single-molecule study of RuvAB-
mediated Holliday-junction migration, PNAS
101, 11611-11616 (2004).
26.7 Rad51 and Rad54 motor in re-
combination
1350.P. Sung, L. Krejci, S. Van Komen, M.G. Sehorn,
Rad51 recombinase and recombination media-
tors, J. Biol. Chem. 278, 42729-42732 (2003).
1351.W.D. Heyer, X. Li, M. Rolfsmeier and X.P.
Zhang, Rad54: the swiss army knife of homol-
ogous recombination?, Nucleic Acids Res. 34,
4115-4125 (2006).
1352.T.L. Raoul Tan, R. Kanaar and C. Wyman,
Rad54, a Jack of all trades in homologous re-
combination, DNA repair 2, 787-794 (2003).
1353.I. Amitani, R.J. Baskin and S.C. Kowal-
czykowski, Visualization of Rad54, a chro-
matin remodeling protein, translocating on sin-
gle DNA molecules, Mol. Cell 23, 143-148
(2006).
1354.D. Ristic, C. Wyman, C. Paulusma and R.
Kanaar, The architecture of the human Rad54-
DNA complex provides evidence for protein
translocation along DNA, PNAS 98, 8454-8460
(2001).
1355.B. Olsen Krogh and L. S. Symington, Recom-
bination proteins in yeast, Annu. Rev. Genet.
38, 233-271 (2004).
26.8 Mfd motor in repair
1356.J. Roberts and J.S. Park, Mfd, the bacterial
transcription repair coupling factor: transloca-
tion, repair and termination, Curr. Opin. Mi-
crobiol. 7, 120-125 (2004).
27 Machines for degrading
macromolecules of life
27.1 Machines for degrading DNA
Nucleases are enzymes which function as “scissors”
by cleaving the phosphodiester bonds on nucleic acid
molcules. Endonucleases cleave the phosphodiester
bond within the nucleic acid thereby cutting it i into
two strands whereas exonucleases remove the termi-
nal nucleotide either at the 3’ end or at the 5’ end.
1357.N.A. Desai and V. Shankar, Single-strand-
specific nucleases, FEMS Microbiol. Rev. 26,
457-491 (2003).
92
1358.I.V. Shevelev and U. Hu¨bscher, The 3’-5’ ex-
onucleases, Nat. Rev. Mol. Cell Biol. 3, 1-12
(2002).
Erythrocytes (red blood cells) and lens fiber cells
in the eyes, posses no nucleus! In reality, DNA is
removed from the precursors of these cells during
their maturation. Moreover, during the development
of an animal, some cells are deliberately killed; this
phenomenon, known as apoptosis (programmed cell
death), also involves degradation of the DNA of the
target cells. Furthermore, those cells which become
toxic or senescent are also killed actively and their
DNA are degraded. Finally, bacteria have evolved
a mechanism of degrading DNA of invading bacte-
riophages. In this subsection we list references of
some relevant papers on the molecular architecture
and mechanisms of operation of the machines which
degrade DNA.
1359.S. Nagata, DNA degradation in development
and programmed cell death, Annu. Rev. Im-
munol. 23, 853-875 (2005).
1360.K. Samejima and W.C. Earnshaw, Trashing the
genome: the role of nucleases during apoptosis,
Nat. Rev. Mol. Cell Biol. 6, 677-688 (2005).
1361.Y. Shi, Mechanical aspects of apoptosome as-
sembly, Curr. Opin. Cell Biol. 18, 677-684
(2006).
27.2 DNA degradation by restriction-
modification enzymes
R-M systems consist of two components which per-
form two competing functions. Restriction involves
an endonuclease that breaks a DNA by hydrolyzing
the phosphodiester bond in backbone of both the
strands. On the other hand, modification involves
a methyltransferase which adds a chmical group to
a DNA base at a position that blocks the restric-
tion activity. Both these activities are specific for
the same dNA sequence. The main biological func-
tion of the R-M system is to defend the bacterial host
against bacteriophage infection by cleaving the phage
genome while the DNA of the host are not cleaved.
The restriction endonucleases have been classfied
into three groups: type I, type II and type III. Both
type I and type III are molecular machines in the true
sense because these require ATP for their operation.
1362.R.J. Roberts et al. A nomenclature for restric-
tion enzymes, DNA methyltransferases, hom-
ing endonucleases and their genees, Nucl. Acids
Res. 31, 1805-1812 (2003).
1363.A.A. Bourniquel and T.A. Bickle, Complex re-
striction enzymes: NTP-driven molecular mo-
tors, Biochimie 84, 1047-1059 (2002).
1364.D.T.F. Dryden, N.E. Murray and D.N. Rao,
Nucleoside triphosphate-dependent restriction
enzymes, Nucl. Acids Res. 29, 3728-3741
(2001).
1365.T.A. Bickle and D.H. Kru¨ger, Biology of DNA
restriction, Microbiological Rev. 57, 434-450
(1993).
1366.M.R. Tock and D.T.F. Dryden, The biology of
restriction and anti-restriction, Curr. Opin. Mi-
crobiol. 8, 466-472 (2005).
1367.N.E. Murray, Type I restriction system: sophis-
ticated molecular machines (a legacy of Bertani
and Weigle), Microbiology and Mol. Biol. Rev.
64, 412-434 (2000).
1368.A. Pingoud, M. Fuxreiter, V. Pingoud and
W. Wende, Type II restriction endonucleases:
structure and mechanism, Cell. Mol. Life Sci.
62, 685-707 (2005).
1369.A. Pingoud and A. Jeltsch, Structure and func-
tion of type II restriction endonucleases, Nucl.
Acids Res. 29, 3705-3727 (2001).
1370.W.A.M. Loenen, Tracking EcoKI and DNA
fifty years on: a golden story full of surprises,
Nucl. Acids Res. 31, 7059-7069 (2003).
1371.N.E. Murray, Immigration control of DNA in
bacteria: self versus non-self, Microbiology
148, 3-20 (2002).
93
1372.I. Kobayashi, Behavior of restriction- modifi-
cation systems as selfish mobile elements and
their impact on genome evolution, Nucl. Acids
Res. 29, 3742-3756 (2001).
1373.I. Kobayashi, A. Nobusato, N. Kobayashi-
Takahashi and I. Uchiyama, Shaping the
genome: restriction-modification systems as
mobile genetic elements, Curr. Opin. Genet.
Dev. 9, 649-656 (1999).
1374.S.S. Pennadam, K. Firman, C. Alexander and
D.C. Gorecki, Protein-polymer nano-machines:
towards synthetic control of biological processes,
J. Nanobiotechnol. 2(8), doi: 10.1186/1477-
3155-2-8 (2004).
1375.F.W. Studier and P.K. Bandyopadhyay, Model
for how type I restriction enzymes select cleav-
age sites in DNA, PNAS 85, 4677-4681 (1988).
1376.R. Seidel, J. van Noort, C. van der Scheer,
J.G.P. Bloom, N. H. Dekker, C.F. Dutta, A.
Blundell, T. Robinson, K. Firman and C.
Dekker, Real-time observation of DNA translo-
cation by the type I restriction modification en-
zyme EcoR124I, Nat. Str. Mol. Biol. 11, 838-
843 (2004).
1377.R. Seidel, J.G.P. Bloom, J. van Noort, C.F.
Dutta, N. H. Dekker, K. Firman, M.D.
Szczelkun and C. Dekker, Dynamics of ini-
tiation, termination and reinitiation of DNA
translocation by the motor protein EcoR124I,
EMBO J.24, 4188-4197 (2005).
1378.R.J. Roberts, How restriction enzymes became
the workhorses of molecular biology, PNAS
102, 5905-5908 (2005).
1379.M.D. Szczelkun, Kinetic models of transloca-
tion, head-on collision, and DNA cleavage by
type I restriction endonuclease, Biochemistry,
41, 2067-2074 (2002).
27.3 Machines for degrading RNA
Ribonucleases (whose commonly used abbreviation
is RNase) are also nucleases and function as “scis-
sors” that cleave the phosphodiester bonds on RNA
molecules. Like all other nucleases, RNases are also
broadly classified into endoribonucleases and exori-
bonucleases.
1380.J. A. R. Worrall and b.F. Luisi, Information
available at cut rates: structure and mechanism
of ribonucleases, Curr. Opin. Struct. Biol. 17,
128-137 (2007).
1381.I.J. MacRae and J.A. Doudna, Ribonuclease re-
visited: structural insights into ribonuclease III
family enzymes, Curr. Opin. Struct. Biol. 17,
138-145 (2007).
• Exosome: an RNA deagrading machine
In eukaryotes, a barrel-shaped multi-protein com-
plex, called exosome, degrades RNA molecules. The
bacterial counterpart of exosome is usually referred
to as the RNA degradosome. The fundamental ques-
tions on the operational mechanism of these machines
are of two types. The first types of questions are es-
sentially identical to those raised earlier in the con-
text of import/export of macromolecules by translo-
cation motors. The second type of questions are sim-
ilar to those raised in the context of (ribo-)nucleases,
namely, the mechanism of shredding or mincing and
the resulting size distribution of the products.
1382.M.J. Marcaida, M.A. DePristo, V. Chandran,
A. J. Carpousis and B.F. Luisi, The RNA degra-
dosome: life in the fast lane of adaptive molecu-
lar evolution, Trends Biochem. Sci. 31, 359-365
(2006).
1383.A.J. Carpousis, The RNA degradosome of Es-
cherichia coli: an mRNA-degrading machine
assembled on RNase E, Annu. Rev. Microbiol.
61, 71-87 (2007).
1384.A. J. Carpousis, The Escherichia coli RNA de-
gradosome: structure, function and relationship
to other ribonucleolytic multienzyme complexes,
Biochem. Soc. Trans. 30, 150-155 (2002).
1385.C. Condon, RNA processing and degradation in
Bacillus subtilis, Mirobiol. and molec. biol. rev.
67, 157-174 (2003).
94
1386.R. Rauhut and G. Klug, mRNA degradation
in bacteria, FEMS Microbiol. Rev. 23, 353-370
(1999).
1387.P. Regnier and C. M. Arraiano, Degradation
of mRNA in bacteria: emergence of ubiquitous
features, Bioessays 22, 235-244 (2000).
1388.A. Taghbalout and L. Rothfield, RNaseE and
the other constituents of the RNA degradosome
are components of the bacterial cytoskeleton,
PNAS 104, 1667-1672 (2007).
1389.N.L. Garneau, J. Wilusz and C.J. Wiluz, The
highwys and byways of mRNA decay, Nat. Rev.
Mol. Cell Biol. 8, 113-126 (2007).
1390.M.F. Symmons, M.G. Williams, B.F. Luisi,
G.H. Jones and A.J. Carpousis, Running rings
around RNA: a superfamily of phosphate-
dependent RNases, Trends Biochem. Sci. 27,
11-18 (2002).
1391.G. Schilders, E. van Dijk, R. Raijmakers and
G.J.M. Pruijn, Cell and molecular biology of the
exosome: how to make or break an RNA, Int.
Rev. Cytology, 251, 159-208 (2006).
1392.R. Raijmakers, G. schilders and G.J.M. Pruijn,
The exosome, a molecular machine for con-
trolled RNA degradation in both nucleus and cy-
toplasm, Eur. J. Cell Biol. 83, 175-183 (2004).
1393.J.S. Butler, The yin and yang of the exosome,
Trends Cell Biol. 12, 90-96 (2002).
1394.S. Vanacova and R. Stefl, The exosome and
RNA quality control in the nucleus, EMBO
Rep. 8, 651-657 (2007).
1395.A. v. Hoof and R. Parker, The exosome: a pro-
teasome for RNA?, Cell 99, 347-350 (1999).
1396.K. Hopfner, K. Wenig and K.P. Hopfner, The
exosome: a macromolecular cage for controlled
RNA degradation, Molec. microbiol. 61, 1372-
1379 (2006).
1397.J. Houseley, J. LaCava and D. Tollervey, RNA-
quality control by the exosome, Nat. Rev. Mol.
Cell Biol. 7, 529-539 (2006).
1398.R.M. Johnstone, Exosomes biological signifi-
cance: a concise review, Blood Cells, Molecules,
and Diseases 36, 315-321 (2006).
27.4 Machines for degrading proteins
Proteases are enzymes which perform functions that
are analogous to nucleases. Just as nucleases cleave
the phosphodiester bonds on nucleic acids (i.e.,
polynucleotides), proteases cleave peptide bonds on
polypeptides and, hence, sometimes also called pep-
tidase.
Simple proteases in the extracellular space, e.g.,
the pancreatic proteases, digest proteins derived from
diets. However, such non-specific proteases are not
expected to operate in the intracellular space because
they would indiscreminately cleave all the essential
and non-defective proteins to their amino acid sub-
units thereby destroying the cell itself. Evolution has
designed intracellular machines for protein degrada-
tion which mince only the unwanted proteins in very
specialized chambers whose gates open to allow only
for only such unwanted proteins. Moreover, since mi-
tochondria and plastids had bacterial ancestors, it is
not surprising to find very similar proteases in these
compartments.
1399.M.N.G. James, The peptidase from fungi and
viruses, Biol. Chem. 387, 1023-1029 (2006).
1400.J. Gass and C. Khosla, Propyl endopeptidases,
Cell. Mol. Life Sci. 64, 345-355 (2007).
• Bacterial proteases
In bacteria, few different families of proteases have
been found which, however, share some common
structural and functional features.
1401.S. Gottesman, Proteolysis in bacterial regula-
tory circuits, Annu. Rev. Cell Dev. Biol. 19,
565-587 (2003).
95
1402.S.M. Butler, R.A. Festa, M.J. Pearce and K.H.
Darwin, Self-compartmentalized bacterial pro-
teases and pathogenesis, Mol. Microbiol. 60,
553-562 (2006).
1403.A.Y.H. Yu and W.A. Houry, ClpP: a distinctive
family of cylindrical energy-dependent serine
proteases, FEBS Lett. 581, 3749-3757 (2007).
1404.K. Ito and Y. Akiyama, Cellular functions:
mechanism of action, and regulation of FtsH
protease, Annu. Rev. Microbiol. 59, 211-231
(2005).
1405.S. Licht and I. Lee, Resolving individual
steps in the operation of ATP-dependent pro-
teolytic molecular machines: from confor-
mational changes to substrate translocation
and processivity, Biochemistry 47, 3595-3605
(2008).
1406.T. Langer, M. Ka¨ser, C. Klanner and K. Leon-
hard, AAA proteases of mitochondria: qual-
ity control of membrane proteins and regula-
tory functions during mitochondrial biogenesis,
Biochem. Soc. Trans. 29, 431-436 (2001).
1407.W. Sakamoto, Protein degradation machineries
in plastids, Annu. Rev. Plant Biol. 57, 599-621
(2006).
1408.A.L. Goldberg, Protein degradation and protec-
tion against misfolded or damaged proteins, Na-
ture 426, 895-899 (2003).
1409.A. Ciechanover, Intracellular protein degrada-
tion: from a vague idea thru the Lysosome and
the Ubiquitin- Proteasome system and onto Hu-
man Diseases and drug Targeting, Exp. Biol.
Med. 231, 1197-1211 (2004).
•Proteasome: a protein deagrading machine
Proteasome is a large and complex machine for pro-
tein degradation. It has structural and functional
similarities with exosome; what exosome does for
RNA, proteasome does for proteins. Onbiously, the
fundamental questions to be addressed are very sim-
ilar to those in the case of exosomes.
1410.E. Lorentzen and E. Conti, The exosome and
the proteasome: nano-compartents for degrada-
tion, Cell 125, 651-654 (2006).
1411.G.N. DeMartino and T.G. Gillette, Protea-
some: machines for all reasons, Cell, 129, 659-
662 (2007).
1412.C.M. Pickart and R. E. Cohen, Proteasomes
and their kin: proteases in the machine age,
Nat. Rev. Mol. Cell Biol. 5, 177-187 (2004).
1413.M. Groll and T. Clausen, Molecular shredders:
how proteasomes fulfil their role, Curr. Opin.
Struct. Biol. 13, 665-673 (2003).
1414.J.A. Maupin-Furlow, M.A. Gil, I.M. Karadzic,
P.A. Kirkland and C.J. Reuter, Proteasome:
perspectives from the archaea, Frontiers in
Biosci. 9, 1743-1758 (2004).
1415.W. Baumeister, A voyage to the inner space of
cells, Protein Sci. 14, 257-269 (2005).
1416.W. Baumeister, J. Walz, F. Zu¨hl and E.
Seemu¨ller, The proteasome: paradigm of a self-
compartmentalizing protease, Cell 92, 367-380
(1998).
1417.D. Voges, P. Zwickl and W. Baumeister, The
26S proteasome: a molecular machine designed
for controlled proteolysis, Annu. Rev. Biochem.
68, 1015-1068 (1999).
1418.D.H. Wolf and W. Hilt, The proteasome: a
proteolytic nanomachine of call regulation and
waste disposal, Biochim. Biophys. Acta 1695,
19-31 (2004).
1419.P.A. Osmulski and M. Gaczynska, Nanoenzy-
mology of the 20S proteasome: proteasomal ac-
tions are controlled by the allosteric transition,
Biochemistry 41, 7047-7053 (2002).
1420.D.M. Smith, N. Benaroudj and A. Goldberg,
Proteasomes and their associated ATPases: a
destructive combination, J. Struc. Biol. 156, 72-
83 (2006).
96
1421.R.T. Sauer, D.N. Bolon, B.M. Burton, R.E.
Burton, J.M. Flynn, R.A. Grant, G.L. Her-
sch, S.A. Joshi, J.A. Kenniston, I. Levchenko,
S.B. Neher, E.S.C. Oakes, S.M. Siddiqui, D.A.
Wah, and T.A. Baker, Sculpting the protea-
some with AAA+ proteases and disassembly
machines, Cell 119, 9-18 (2004).
1422.T.A. Baker and R.T. Sauer, ATP-dependent
proteases of bacteria: recognition logic and op-
erating principles, Trends Biochem. Sci. 31,
647-653 (2006).
1423.C.W. Liu, M.J. Corboy, G.N. DeMartino and
P.J. Thomas, Endoproteolytic activity of the
proteasome, C. W. Liu, M.J. Corboy, G.N. De-
Martino and P.J. Thomas, Science 299, 408-411
(2003).
1424.T. Ogura and K. Tanaka, Dissecting various
ATP-dependent steps involved in proteasomal
degradation, Molecular Cell 11, 3-5 (2003).
1425.B. Peters, K. Janek, U. Kuckelkorn and H.G.
Holzhu¨tter, Assessment of proteasomal cleav-
age probabilities from kinetic analysis of time-
dependent product formation, J. Mol. Biol. 318,
847-862 (2002).
1426.H.G. Holzhu¨tter and P.M. Kloetzel, A kinetic
model of vertebrate 20S proteasome account-
ing for the generation of major proteolytic frag-
ments from oligomeric peptide substrates, Bio-
phys. J. 79, 1196-1205 (2000).
1427.J. Kurepa and J.A. Smalle, Structure, function
and regulation of plant proteasomes, Biochimie
90, 324-335 (2008).
1428.J. Hanna and D. Finley, A proteasome for all
occasions, FEBS Lett. 581, 2854-2861 (2007).
1429.W. Heinemeyer, P.C. Ramos and R.J. Dohmen,
The ultimate nanoscale mincer: assembly,
structure and active sites of the 20S proteasome
core, CMLS 61, 1562-1578 (2004).
1430.M.H. Glickman and A. Ciechanover, The
ubiquitin- proteasome proteolytic pathway: de-
struction for the sake of construction, Physiol.
Rev. 82, 373-428 (2002).
1431.M. Bajorek and M.H. Glickman, Keepers at the
final gates: regulatory complexes and gating of
the proteasome channel, CMLS 61, 1579-1588
(2004).
1432.M. rape and S. Jentsch, Taking a bite: proteaso-
mal protein processing, Nat. Cell Biol. 4, E113-
E116 (2002).
1433.G. Asher, N. Reuven and Y. Shaul, 20S pro-
teasomes and protein degradation “by default”,
Bioessays 28, 844-849 (2006).
1434.N. Bader, T. Jung and T. Grune, The protea-
some and its role in nuclear protein mainte-
nance, Expt. Gerontology 42, 864-870 (2007).
1435.K.P. Hadeler, C. Kuttler and A.K. Nussbaum,
Cleaving proteins of the immune system, Math.
Biosc. 188, 63-79 (2004).
1436.A. Zaikin and T. Po¨schel, Peptide-size-
dependent active transport in the proteasome,
Europhys. Lett. 69, 725-731 (2005).
1437.A. Zaikin and J. Kurths, Optimal length trans-
portation hypothesis to model proteasome prod-
uct size distributions, J. Biol. Phys. 32, 231-243
(2006).
1438.F. Luciani, C. Kesmir, M. Mishto, M. Or-Guil
and R. J. de Boer, A mathematical model of
protein degradation by the proteasome, Biophys.
J. 88, 2422-2432 (2005).
1439.W. Piwko and S. Jentsch, Proteasome-mediated
protein processing by bidirectional degradation
initiated from an internal site, Nat. Struct. Mol.
Biol. 13, 691-697 (2006).
97
27.5 Machines for degrading
polysachharides
1440.V. L. Y. Yip and S.G. Withers, Nature’s many
mechanisms for the degradation of oligosaccha-
rides, Org. Biomol. Chem. 2, 2707-2713 (2004).
1441.M.J. Jedrezejas, Structural and functional com-
parison of polysaccharide-degrading enzymes,
Crit. Rev. Biochem. and Mol. Biol. 35(3), 221-
251 (2000).
• Machines for degrading starch
1442.A.M. Smith, S.C. Zeeman and S.M. Smith,
Starch degradation, Annu. Rev. Plant Biol. 56,
73-98 (2005).
• Machines for degrading cellulose
1443.E.A. Bayer, J.P. Belaich, Y. Shoham and R.
Lamed, The cellulosomes: multienzyme ma-
chines for degradation of plant cell wall polysac-
charides, Annu. Rev. Microbiol. 58, 521-554
(2004).
1444.R.H. Doi and A. Kosugi, Cellulosomes: plant-
cell-wall- degrading enzyme complexes, Nat.
Rev. Microbiol. 2, 1-11 (2004).
1445.E.A. Bayer, L.J.W. Shimon, Y. Shoham and R.
Lamed, Cellulosomes- structure and ultrastruc-
ture, J. Struc. Biol. 124, 221-234 (1998).
1446.Y. Shoham, R. Lamed and E.A. Bayer, The cel-
lulosome concept as an efficient microbial strat-
egy for the degradation of insoluble polysaccha-
rides, Trends Microbiol. 7, 275-281 (1999).
1447.H.J. Gilbert, Cellulosomes: microbial nanoma-
chines that display plasticity in quaternary
structure, Molec. Microbiol. 63(6), 1568-1576
(2007).
1448.W.H. Schwarz, The cellulosome and cellulose
degradation by anaerobic bacteria, Appl. Micro-
biol. Biotechnol. 56, 634-649 (2001).
1449.A. Kosugi, T. Arai and R.H. Doi, Degradation
of cellulosome-produced cello-oligosaccharides
by an extracellular non-cellulosomal β-glucan
glucohydrolase, Bg1A, from Clostridium cel-
lulovorans, Biochem and Biophys. Res. Com-
mun. 349, 20-23 (2006).
1450.T. Arai, A. Kosugi, H. Chan, R. Koukiekolo,
H. Yukawa, M. Inui and R.H. Doi, Properties
of cellulosomal family 9 cellulases from clostrid-
ium cellulovorans, Appl. Microbiol. Biotechnol.
71, 654-660 (2006).
1451.E.A. Bayer, H. Chanzy, R. Lamed and Y.
Shoham, Cellulose, cellulases and cellulosomes,
Curr. Opin. Struct. Biol. 8, 548-557 (1998).
• Machines for degrading chitin
1452.L. Duo-Chuan, Review of fungal chitinases, My-
copathologia 161, 345-360 (2006).
1453.D. Bhattacharya, A. Nagpure and R.K. Gupta,
Bacterial chitinases: properties and potential,
Crit. Rev. in Biotechnol. 27, 21-28 (2007).
1454.A.F. Monzingo, E.M. Marcotte, P.J. Hart and
J.D. Robertus, Chitinases, chitosanases, and
lysozymes can be divided into procaryotic and
eucaryotic families sharing a conserved core,
Nat. Str. Biol. 3, 133-140 (1996).
28 Mechanisms for searching
target sequence on NA
In most of the processes we have discussed so far a
protein or a macromolecular complex has to bind a
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specific binding is required for the operation of re-
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one-dimensional diffusion with other processes?
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Some fundamental questions
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32 ATP synthase and related
machines
ATP synthase is the smallest rotary motor and is em-
bedded in the membrane of the organalles mitochon-
dria (in animal cells) and chloroplasts (in plant cells).
It consists of two coupled parts which are called F0
and F1 and, therefore, ATP synthase is also referred
to as F0F1-ATPase. This motor in reversible. In
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the reverse mode, F1 consumes ATP for its own ro-
tation in the reverse direction thereby rotating also
F0 in reverse while the latter operates effectively as
a proton pump.
There are also some interesting architectural sim-
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Part IV: Machine-driven cellular processes
Cells exist in wide variations in their sizes, shapes
and internal structures. For example, among the
bacteria, cocci (spherical), bacilli (rod-shaped) and
spirochetes (spiral) reflect the shapes of these uni-
cellular organisms. Among the unicellular eukary-
otes, protozoa exhibit some of the most complex and
exquisite forms. The animal cells also exhibit widely
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typical eukaryotic cell is about 10 µm. But, a neuron
can be as long as a meter. Each skeletal muscle cell
has more than one nucleus whereas a red blood cell
has none at all. Germ cells have only one set of chro-
mosomes whereas all other cells have two sets. Hair
cells of the inner ear act as mechano-sensors while
rod cells of the retina of the eye are photo-sensors.
However, in spite of such diversities, there is unity
in some of the common cellular processes. In this
part we consider mainly cell motility and cell divi-
sion both of which are also closely related to changes
in cell shape.
34 Machine-driven cell motility
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34.3 Bacterial shape and shape
changes during motility
The shapes of bacterial cells depend, at least partly,
on the cytoskeleton.
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34.4 Taxis
So far we have discussed the machineries used by
prokaryotic cells for motility. But, how does the cell
sense its environment and decide the direction of its
motion?
Chemotaxis refers to the directional movement in
response to the gradient of concentration of a chem-
ical. Substances which attract a cell are called
chemoattractant while those repelling a cell are called
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•Crawling of eukaryotic cells: full cyclic dy-
namics
Detailed models capture all the three stages of dy-
namics - (i) formation of a cell protrusion at the lead-
ing egde, (ii) adhesion of the leading protrusion to the
underlying substrate, and (iii) contraction of the cell
body accompanied by detachment of the rear edge of
the cell from the substrate. The contraction of the
cell body and the retraction of the rear are domi-
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tive gel. Since this aspect of cell locomotion is beyond
the current scope of this resource letter, we mention
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